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“Era proprio idrogeno, dunque:  
lo stesso che brucia nel sole e nelle stelle,  
e dalla cui condensazione si formano 
 in eterno silenzio gli universi.” 
(Primo Levi, Il sistema periodico, 1975) 
 
 
“It was indeed hydrogen, therefore: 
 the same element that burns in the sun and stars,  
and from whose condensation the universes  
are formed in eternal silence.” 
(Primo Levi, The periodic table, 1975) 
  
 ii 
Riassunto 
Il lavoro di tesi qui presentato si propone di investigare le diverse applicazioni delle metallo-porfirine 
(MPs) quali versatili componenti fondamentali per i fotosistemi artificiali, in particolare da impiegarsi 
nella produzione fotoassistita di idrogeno dall’acqua (HER). Particolare attenzione è stata dedicata allo 
sviluppo di un chiaro protocollo per la sintesi e la purificazione di porfirine solubili in acqua ed alla 
preparazione dei relativi complessi metallici. 
Nel Capitolo 1 viene fornita un’introduzione generale riguardante i princìpi della fotosintesi artificiale e 
uno stato dell’arte circa l’utilizzo di metallo-porfirine come fotosensibilizzatori in sistemi omogenei e 
come catalizzatori sviluppanti idrogeno, con particolare interesse nei confronti dei complessi di metalli 
non-nobili. Viene fornito anche un sunto dei più comuni complessi di Co(II) impiegati in letteratura per 
simili propositi. 
Nel Capitolo 2 delle rutenio-porfirine sono combinate con successo con un’impalcatura tetraedrica 
luminescente, ottenendo due grandi assemblati nei quali quattro MPs sono disposte in maniera rigida e 
definita attorno al legante centrale. Questi sistemi sono analizzati, assieme a dei modelli comparativi, 
mediante diverse tecniche, come 1H- e 19F DOSY-NMR e l’analisi ai raggi X di cristalli singoli. Un 
preliminare studio fotofisico su uno dei sistemi fornisce chiare indicazioni riguardo la possibilità di 
utilizzare le MPs periferiche come fotosensibilizzatori nel campo della luce visibile, per la 
fotogenerazione ed il trasporto di elettroni verso il pilastro polipiridinico centrale. 
Nel Capitolo 3 viene affrontata la preparazione di metallo-porfirine cariche ed idrosolubili, da applicare 
in fotocatalisi per reazioni in cui solitamente si utilizzano solventi organici poco desiderabili. Uno dei 
composti preparati, una porfirina tetracationica di Co(II), è utilizzata come catalizzatore per la reazione 
di evoluzione di H2 da acqua, in combinazione con Ru(bpy)3
2+ come fotosensibilizzatore ed acido 
ascorbico come sacrificale. Diverse condizioni di reazione, come la concentrazione del catalizzatore ed il 
pH, sono esaminate al fine di trovare le condizioni migliore per la produzione di idrogeno. 
Nel Capitolo 4 alcune delle MPs cationiche sono combinate con un calixarene idrosolubile, con lo scopo 
di formare sistemi definiti di tipo host-guest, ed esplorare la possibilità di migliorare la stabilità e 
l’efficienza delle MPs nella HER, derivante dall’inclusione della porfirina in un’architettura complessa. Gli 
assemblati, con diversi tipi di MPs, sono preparati per co-cristallizzazione diretta dei due componenti da 
acqua a diverso pH ed i cristalli singoli risultanti sono analizzati con la tecnica della diffrazione di raggi X 
utilizzando la sorgente di luce di sincrotrone. In parallelo, misure di spettroscopia ottica sono ultilizzate 
per determinare la natura degli assemblati in soluzione, in termini di rapporto stechiometrico 
calixarene/MPs. L’effetto del calixarene, e della formazione del sistema host-guest, sull’attività 
fotocatalitica delle MPs, sia come fotosensibilizzatore che come catalizzatore, viene studiato e 
comparato con i risultati, riportati nel capitolo 3, per le analoghe porfirine. 
Nel Capitolo 5 viene descritto un progetto parallelo riguardante un catalizzatore polipiridinico di cobalto. 
Leganti simili sono stati finora come catalizzatori per la scissione dell’acqua. In questo caso, un 
complesso idrosolubile di Co(II) viene testato come catalizzatore per la produzione di idrogeno, 
comparandolo ai sistemi porfirinici studiati nel capitolo 3 e ai dati di letteratura su simili complessi di 
cobalto, con particolare attenzione riguardo gli aspetti meccanicistici della reazione fotoattivata. 
 iii 
Abstract 
The purpose of this PhD Thesis is to investigate the manifold applications of metallo-porphyrins (MPs) as 
key and versatile components for artificial photosystems, with particular focus on their employment in 
the visible light initiated molecular hydrogen evolution reaction (HER), from water. Particular effort has 
been dedicated to the development of a straightforward protocol for the synthesis and purification of 
water-soluble porphyrins, and to the preparation of some related metallo-complexes. 
In Chapter 1, a general introduction on the principles of artificial photosynthesis is provided, alongside a 
state of the art regarding the use  of MPs as photosensitizers or as hydrogen evolution catalysts, in 
homogenous systems, with particular interest on the introduction of earth-abundant metal centers. A 
summary of the most common Co(II)-complexes described in the literature for similar purposes is also 
provided. 
In Chapter 2, Ru(II)(CO)-porphyrins are successfully combined with a tetrahedral tetra-cationic 
luminescent scaffold, with the obtainment of two large assemblies in which four MPs are organized in a 
rigid and defined manner around the central ligand. Such systems, alongside with comparative models, 
are thoroughly characterized by a variety of techniques, such as 1H and 19F DOSY-NMR experiments and  
single crystals X-Ray analysis. A preliminary photophysical investigation on one of the systems affords 
clear indication on the possibility to use the peripheral MPs chromophores as photosensitizers for the 
visible light, to generate and convey electrons towards the inner pyridylpyridinium scaffold. 
In Chapter 3, the preparation of water-soluble charged MPs, to be applied in photoreactions in which 
non-desirable organic media are most often employed, is addressed. One the prepared derivatives, a 
tetra-cationic Co(II)-porphyrin, is used  as catalysts, in combination with Ru(bpy)3
2+ as photosensitizer 
and ascorbic acid as in the H2 evolving reaction from water. Several different reaction conditions, such 
as concentration of the catalyst or pH, are screened in order to establish the best performing situation 
for the photocatalytic reaction. 
In Chapter 4, some of the cationic MPs are combined with a water-soluble calixarene scaffold, with the 
aim of promoting the formation of defined host-guest systems, and explore the possible improvement 
of the photostability and performance of the MPs in the HER, deriving from the inclusion of a MPs 
photosensitizer or catalyst in more elaborate architecture. The assemblies, varied in the type of MPs 
employed, are prepared by direct co-crystallization of the two components in water solution at different 
pH conditions, and the resulting single crystals analyzed by X-ray Diffraction by means of the 
synchrotron radiation light source. Some parallel optical spectroscopy measurements are also 
performed, in order to ascertain the nature, in terms of calixarene/MPs stoichiometries, of the 
assemblies in solution. The effect of the calixarene scaffold, inducing the assembling of the host-guest 
systems, on the photocatalytic activity of the MPs, both in terms of photosensitizer and catalyst, are 
surveyed and compared to the results reported in Chapter 3, for analogous MPs derivatives. 
In Chapter 5, a parallel project regarding the use of a water-soluble polypyridyl Co(II)-catalyst is 
presented. These types of derivatives have been so far mostly employed in the oxidation side of the 
water splitting reaction. In the present study, the Co(II)-complex is tested as hydrogen evolution 
catalyst, also in comparison to the MPs system studied in Chapter 3, with particular focus on the 
mechanistic aspects directing this photo-induced reaction. 
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1.1 The energetic issue 
Contemporary society demands innovative answers to the environmental and energetic issue.
1,2
 Since 
the many advantages of the fossil fuels will not be available in the long run, being an extinguishable 
source, the energy request will need to be satisfied by novel strategies, which ought to be sustainable 
both from an economical and an environmental point of view.
3
 As it has been widely remarked, at the 
present time there is no unique answer to this paramount request. Excluding the nuclear energy, which 
suffers for several drawbacks, renewable energy sources are the most accounted for developing a fossil 
fuel-free economy.
4
 A substantial amount of energy can be obtained by biomasses, either raw materials 
or agricultural by-products, which can be used to directly produce heat and electricity, or to obtain 
liquid fuels, e.g. ethanol or biodiesel, through a reforming process. On a local scale, several possibilities 
arise from the environmental peculiarities, obtaining energy from wind, geothermal movements, 
waterfalls, ocean tides and currents, and even thermal gradients of seas or lakes. On a worldwide scale, 
the major energy flux available for free is undoubtedly solar energy.
5
 
Nowadays, the most common way to exploit solar light is its direct conversion in electricity by 
photovoltaic cells. The most common system employs a p-n junction made of silicon in which electron-
hole pairs are generated by absorption of light with a wavelength corresponding to the semiconductor 
energy band gap, and electric current is developed as electrons and vacancies are fluxed towards the 
extremes of an electric field, and properly collected. Since silicon-based technology is quite expensive, 
research on solar cells is moving towards the use of dye-sensitized solar cells,
6
 based on the sensitization 
of nanostructured wide band gap cheaper semiconductors (TiO2, SnO2, NiO, etc.),
7
 or of polymeric 
organic solar cells.
8
 These photovoltaic devices, however, suffer for photon-to-current efficiency limits, 
so other strategies are investigated.  
 
1.2 Natural and artificial photosynthesis 
One of the principal limitations in the use of sunlight is its intermittency, which can be overcome by 
developing a storage method, which means converting solar energy into fuels, i.e. molecules with a 
good energetic potential.
9
 That is the strategy exploited by nature by means of photosynthesis, which 
happens in similar way for green plants and other organisms, as algae and cyanobacteria.
10
 In vegetable 
cells, chloroplasts are the organelles specialized for the photosynthetic function. Rich in chromophores, 
like chlorophylls and carotenoids, they are able to harvest solar light that triggers a series of chain 
reactions that cleave water, generating molecular oxygen and trapping the photogenerated electrons 
and protons into high energy bonds of useful molecules, such as ATP and NADPH. These molecules are 
in fact energy vectors, storing the energy provided by solar light. This series of events takes place into 
the chloroplast thylakoid membrane, where two reaction centers, namely photosystem I (PS I) and 
photosystem II (PS II), are located. Very briefly, as schematically depicted in Figure 1.1, the antenna 
systems, made of a series of chromophores, harvest solar light (1) and transfer very rapidly (few 
picoseconds) the excitation energy to the special pairs of both PS I and PS II, i.e. P680 and P700, 
respectively. Excitation of the special pair P680 in PS II (2) is followed by an irreversible electron transfer 
towards a series of acceptor entities (4) that contributes to the formation of a charge separated state 
and triggers redox processes involving quinones, whose reversible protonation to quinols is responsible 
for the establishment of a proton gradient across the thylakoid membrane, which is fundamental for the 
production of ATP by ATP-synthase enzyme. 
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Figure 1.1. Schematical representation of PS I and PS II in the thylakoid membrane.
10
 
On the other hand, the photogenerated P680
+
 is a very strong oxidant able to activate a manganese-
calcium based water oxidation catalyst (WOC), which performs water splitting obtaining protons and O2 
(3). This stepwise oxidation process, named Kok cycle, is not yet fully understood, anyhow the cubane-
like metal cluster has inspired several artificial WOC. When the special pair P700 of PS I is excited (5), its 
cascade electron transfer activates the FNR enzyme (Ferredoxin-NADP
+
 Reductase) which employs two 
photogenerated electrons to form the high energy species NADPH (6). The residual positive charge on 
P700
+
 is neutralized by the final step of the electron transport chain generated by PS II, while ATP and 
NADPH are used by the Calvin cycle to convert CO2 into reduced carbon fuels, such as carbohydrates.  
One of the most challenging current fields of research aims to develop an homogeneous artificial 
photosystem, a bioinspired water-soluble construct that is able to harvest solar light and exploit the 
provided energy to perform water cleavage and then store the photogenerated electrons and protons 
as molecular hydrogen, which is widely considered a promising energy vector for the near future.
1,11
 
After an outbreaking success in the first 2000s, and an escalating development in the last five years, 
homogeneous photosystems have very recently begun to perceive a deflation of interest, due to a 
predicted meager possibility of increase in the light-to-fuel efficiency.
12
 It is now believed, in fact, that 
the best approach is to exploit the molecular components, developed for homogenous catalysis, for the 
photoactivation of solid-state semiconductor materials (vide infra, Section 1.3).
13
 Nevertheless, the 
improvement of heterogeneous photosystems cannot depart from a thorough understanding of the 
processes occurring at a molecular level, therefore research on homogenous photosystems is still a 
matter of paramount importance. 
An idealized biomimetic system should contemplate five fundamental components (Figure 1.2): the 
light-harvesting antenna system, a photosensitized charge-separation unit that is the core reaction 
center, a catalysts for the conversion of substrates to products, e.g. a water oxidation catalyst (WOC) 
and an hydrogen evolution catalyst (HEC), and a physical separation between the H2 and O2 evolving 
compartments to avoid fast recombination.
14–16
 The antenna system is the active unit whose function is 
to collect solar light and funnel the adsorbed energy to the photosensitizer (PS), a light-absorbing 
chromophore, through a series of energy transfer processes, which can occur following different 
mechanisms depending on the nature of the chromophores. The ideal antenna system is conceived with 
a large number of different chromophoric units, so that the absorption range is maximized. The charge 
  1. Introduction  4 
separating unit, instead, is responsible for the conversion of the harvested energy into electrochemical 
potential that triggers the redox reaction at the catalyst level.
5,17
 
 
Figure 1.2. General scheme for a bioinspired artificial photosystem. 
The minimum system for charge separation is a donor-acceptor dyad: exciting the photosensitizing 
donor unit (1), an electron transfer to the acceptor is promoted (2), yielding to a charge separated state 
that undergoes recombination to the ground state (3), afteƌ a tiŵe τ that is the Đhaƌge sepaƌated state 
lifetime.  ܲ� − � + ℎ� →  *ܲ� − � 1.1 
           *ܲ� − � → ܲ�+ + �− 1.2 
  ܲ�+ − �− → ܲ� − � 1.3 
Scheme 1.1. Charge separation and recombination reactions occurring in the simpler donor-acceptor dyad. 
The short distance between the two units determines a high probability of electron-hole recombination, 
which is reflected in a very short lifetime for the charge separated state. To increase this lifetime, an 
additional unit such as a secondary donor or acceptor should be inserted between the two considered 
partners. For instance, in the case of the donor-photosensitizer-acceptor triad depicted in Figure 1.2, 
after the first electron transfer process (4, 5), a secondary electron transfer occurs (6) which competes 
with charge recombination, thus affording a long-range charge separated state, which recombines to 
the ground state (7) slower than the PS-A dyad, due to the larger distance between the photogenerated 
electrons and vacancies.  
 � − ܲ� − � + ℎ� → � − *ܲ� − � 1.4 
            � − *ܲ� − � → � − ܲ�+ + �− 1.5 
        � − ܲ�+ − �− → �+ − ܲ� − �− 1.6 
    �+ − ܲ� − �− → � − ܲ� − � 1.7 
Scheme 1.2. Charge separation and recombination reactions for a donor-donor-acceptor triad. 
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Once the charge separation has been established, photogenerated electrons and vacancies must be 
collected by suitable catalytic units, capable of driving multi-electron redox processes, whose activation 
is triggered by those external stimuli.  
 
1.3 Photocatalytic hydrogen generation 
The interest in molecular hydrogen as a synthetic fuel began to rise in the 1970s,
11,18
 mainly in 
consequence of concerns about depletion of fossil fuels reserves, but also addressing the problem of 
CO2 emissions and anthropogenic greenhouse effect, perhaps an even more relevant issue.
19
 The idea 
behind the use of hydrogen as an energy carrier is simple: i. hydrogen is one of the most abundant 
elements on Earth, ii. the combustion of molecular hydrogen with oxygen produces heat, iii. the 
combination of molecular hydrogen and oxygen in a fuel cell generates electricity and heat, and iv. the 
only byproduct of such energy-producing processes is water. Therefore, if hydrogen could be produced 
from water cleanly, using a source of renewable energy, both the energy and the environmental 
problems of our planet would be solved. Although hydrogen can in principle be produced by solar 
energy in an indirect way, i.e. by solar photovoltaics coupled with water electrolysis, direct 
photoelectrochemical conversion of sunlight into hydrogen by water splitting, though challenging, is by 
far more attractive. 
The reaction of interest, as said, is the water splitting with subsequent generation of molecular 
hydrogen, as reported in eq. 1.8. 2�2ܱ → 2�2 + ܱ2 1.8 
This is an up-hill reaction, endergonic by 1.23 eV (298 K, pH = 0). In principle, to perform the reaction it 
should be sufficient to choose appropriate dyes with the required potential, but the main barrier is 
actually of kinetic nature and pertain to the fact that, while the charge separation (and recombination) 
steps initiated by light absorption are fast one-electron processes, oxidation and reduction of water are 
intrinsically slow, multi-electron processes.
20
 This is more clear when eq. 1.8 is separated into its two 
semi-reactions: 2�2ܱ → ܱ2 + 4�+ + 4�− 1.9 4�+ + 4�− → �2 1.10 
From these premises, an efficient artificial photosystem must not only provide the thermodynamic drive 
to perform the water splitting reaction, but also contain catalytic units capable of forming and 
accumulating the appropriate redox intermediates. This goal is usually achieved using a catalyst, bearing 
a metal center that has access to multiple oxidation states.  
Given that the study and artificial mimic of the whole water splitting process is a problem of high 
complexity, with the efficiency limited by several possible shortcuts and charge recombination 
processes, it is convenient to isolate the half-reactions by providing the charges required on the 
opposite side with a sacrificial redox agent (SD), i.e. a species that following electron transfer undergoes 
some rapid reaction making the whole process irreversible. A half-cycle of this kind for the hydrogen 
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generating reaction is shown in Figure 1.3. After excitation of the photosensitizer, a charge separation 
state is generated by two subsequent electron-transfer processes. Depending on which bimolecular 
reaction takes place first, two different pathways are available to activate the catalyst: i. reductive 
quenching of the PS excited state by the SD yielding a reduced species able to transfer an electron to the 
catalyst; ii. oxidative quenching of the PS excited state by the catalyst followed by electron transfer from 
the SD to the oxidized PS in order to recover its original state. Convenient sacrificial electron donors, 
frequently used in this type of experiment, are aliphatic amines, thiols, and ascorbic acid. Analogous 
schemes for the water oxidation reaction can be easily designed, using sacrificial electron acceptors (SA) 
as persulfate or Co(II) amine complexes.
21
  
 
Figure 1.3. Schematic representation of the hydrogen evolution half reaction. 
In principle, once each side is optimized in sacrificial cycles, the two half reactions should be combined 
together in a regenerative system. Among possible coupling strategies, heterogenization onto 
electrodes and assembling of the full system as a photoelectrochemical cell (PEC) seems to be the most 
promising one.
22
 
As far as photosensitizers for hydrogen evolution are concerned, both inorganic and organic dyes have 
been widely investigated. Among the inorganic species Ru(II)-polypyridine complexes, with the 
prototype Ru(bpy)3
2+
, have played by far the major role,
23
 although other metal polypyridine complexes 
(e.g., containing Re(I),
24
 Ir(III),
25
 or Pt(II)
26
) have been used as well. Though widely employed for 
mechanistic studies, most of these systems are noble-metal containing, a drawback towards possible 
applications due to high costs and scarce availability. On the other end, a variety of organic dyes have 
been used as sensitizers, particularly by Eisenberg.
27,28
 These dyes possess the advantage of being 
relatively inexpensive, although they may be less stable than the inorganic counterparts under hydrogen 
generating conditions. Moreover, usually working through their long-lived triplet states, they make 
relatively poor use of the absorbed light energy, a substantial amount of which is lost in singlet-triplet 
intersystem crossing. 
Regarding the hydrogen evolving catalysts instead, both heterogeneous and homogeneous systems 
have been so far studied.
29
 The most widely used heterogeneous HEC has been, somewhat obviously, 
platinum metal, usually in the form of colloidal particles in solution
30,31
 or supported on various types of 
materials.
32,33
 As alternative heterogeneous HECs, not containing noble metals and thus more suitable 
for application, like NiMoZn alloys
22
 as well as Mo and W sulfides
34,35
 have also been considered. For 
what concerns molecular HECs to be used in homogeneous solution, a substantial amount of research 
has been devoted to dithiolate bridged di-iron complexes, a class of catalysts inspired by the structure 
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and function of [2Fe2S] natural hydrogenases.
36
 Along with some Ni phosphine complexes,
37,38
 the other 
main class of molecular catalysts based on earth abundant metals is that of macrocyclic cobalt 
complexes.
2
 These include cobalt diamine-dioxime,
24
 cobalt dithiolene,
39
 and cobaloximes, which play by 
far the major role in the field.
26,40,41
 In recent years, also Co-polypyridine complexes,
42
 originally 
introduced as biomimetic water oxidation catalysts,
43–45
 have gained importance in the field of 
photocatalytic generation of hydrogen. Different ligands, shown in Figure 1.4, were developed by Long 
and Chang (Py5Me2),
46
 Webster and Zhao (DPA-bpy and DIQ-bpy),
47,48
 Castellano (Py4Me),
49,50
 and Wang 
(N4Py),
51
 and were employed both as electro- and photo-catalysts to develop hydrogen from water. 
These complexes contain either a Co(II) or a Co(III) center, and possess at least one labile apical ligand 
that is dissociated with the formation of a cobalt-hydride intermediate, a fundamental step towards 
evolution of molecular hydrogen (vide infra, Section 1.6).  
 
Figure 1.4. Some literature examples of Co-polypyridine complexes. 
 
1.4 Porphyrins and metallo-porphyrins 
Structure and Reactivity 
Porphyrins and metallo-porphyrins (MPs) have been extensively investigated as active components from 
the viewpoint of photoinduced electron transfer processes, both at the molecular and supramolecular 
level, due to their similarity to the key dyes of natural photosynthesis. Porphyrins constitute a wide class 
of fluorescent dyes, either of natural or synthetic origin, whose principal feature is coloring, due to a 
strong absorption of light in the visible region. The common core of porphyrins is a heterocyclic skeleton 
made of four pyrrole units connected by methylene bridges (Chart 1.1). According to IUPAC 
nomenclature, positions 1, 4, 6, 9, 11, 14, 16, and 19 are called α-pyrrolic, positions 2, 3, 7, 8, 12, 13, 17, 
and 18 are the β-pyrrolic, and positions 5, 10, 15, and 20, bridging two pyrrole units, are termed meso. 
This tetrapyrrolic core is aromatic with an extended conjugation, delocalizing 18 electrons of the 22 
ĐoŵposiŶg the π sǇsteŵ, and in respect of the HuĐkel’s ƌule.52  
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Chart 1.1. Structure and IUPAC nomenclature of a porphyrin core.  
Despite the large use of porphyrins in organic and coordination chemistry, their synthesis is still 
relatively challenging, especially due to low reaction yields and difficult time-demanding purification 
procedures, both limiting factors being strongly dependent on the intended choice of peripheral 
substitution on the macrocycle. Generally, three main synthetic strategies can be followed, depending 
on the target product(s). To obtain meso-substitued porphyrins, the Adler-Longo’s synthesis,53 that 
involves the condensation of pyrrol with one or more aldehydes in refluxing propionic acid, with the 
obtainment of the statistical mixture of all the possible meso-substituted products, can be pursued. This 
strategy is indeed not regioselective, and the separation of the regioisomers and purification from 
oligomeric by-products and not desired sub-classes of macrocycles, like corroles, by column 
chromatography may be quite challenging and tedious (Scheme 1.3).  
 
Scheme 1.3. Adler-Longo synthesis for the obtainment of meso substituted porphyrins. 
Another possible synthetic pathway to obtain regiospecific meso-suďstituted poƌphǇƌiŶs is the LiŶdseǇ’s 
method.
54
 In this case, two dipyrromethane units, prepared by condensation of pyrrole and the desired 
aldehyde in acid conditions (TFA or BF3·Et2O), are condensed with an aldehyde (or a mixture of two) and 
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then oxidized with 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) to obtain the aromatic core. The 
reaction is particularly sensitive to the nature of the employed acid and the concentration of reagents, 
but in general it possible to direct the functionalization towards the desired positions (Scheme 1.4). The 
MacDoŶald’s sǇŶthesis,55 instead, regards the condensation of 1,9-diformil dipyrromethane with an 
aldehyde in acidic conditions, to obtain 5,10-disymmetric porphyrins. This synthesis is usually employed 
to oďtaiŶ the β-substituted porphyrins, by appropriate functionalization of the starting dipyrromethane, 
as depicted in Scheme 1.5. 
 
Scheme 1.4. Lindsay synthesis for the obtainment of di-symmetric trans-A2B2 porphyrins . 
 
Scheme 1.5. Acidic MacDonald synthesis for the obtainment of -substituted porphyrins. 
Regarding the reactivity, the meso positions are prone towards electrophilic aromatic substitution 
ƌeaĐtioŶ, ŶuĐleophiliĐ aŶd eleĐtƌophiliĐ additioŶs, ƌadiĐal ƌeaĐtioŶs, oǆidatioŶ aŶd ƌeduĐtioŶ, ǁhile the β-
carbons can undergo addition and substitution reactions as well. Porphyrins are able to complexate 
metal cations in the inner core, by deprotonation and coordination of the internal pyrrole nitrogens, 
with the formation of a metallo-porphyrin. The metallation procedure strongly depends on the nature of 
the metal. Generally, the free-base porphyrin is stirred with a metal salt in conditions strictly dependent 
on the chosen compound, which also influences the resulting yields of the metallation process (Scheme 
1.6): in some cases the use of an acetate salt in chlorinated/methanol mixtures and mild reaction 
temperatures is sufficient (e.g., Zn(II), Co(II), Cu(II)), while the insertion of other metal centers require 
more drastic conditions, like the use of halogen or alkyl-salts in DMF, pyridine or glacial acetic acid (e.g. 
Mg(II), Sn(IV), Fe(III), Al(III)) or metal-CO clusters in high-boiling solvents (e.g. Ru(II), Mo(II), Os(II)). Also, 
the isolated MPs, usually feature one or two relatively labile axial ligands on the metal center (e.g. 
solǀeŶt ŵoleĐules suĐh as ethaŶol oƌ ŵethaŶol − often not indicated in the schematic structural 
depictions), whose nature depend on the followed metallation procedure and/or final purification steps. 
In particular, for the case of Ru(II)-porphyrin, in the axial positions there is a non-labile CO moiety on 
one side - residue from the insertion of the metal – and a solvent molecule, typically ethanol, to 
complete the octahedral sphere of coordination. This solvent molecule is very labile, while the Ru-CO 
bond can be broken only in really harsh conditions, so only one position is actually available to 
coordinate an axial ligand. 
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Scheme 1.6. Examples of metallation processes available for the insertion of some 
 metal centers inside the porphyrin core. 
The stability of metallo-porphyrins with respect to demetallation varies dramatically, depending on 
factors such as metal cation size, degree of covalent bonding, oxidation state, with trans-metallation 
processes accessible as well. Still, the metallation of a porphyrin protects the core against protonation, 
that occurs in free-base porphyrins at the expense of the inner pyrrole groups.
56
 Most importantly, the 
inner metal centers, provided that they can access to geometries with coordination numbers higher 
than four, represent useful pinpoint to non-covalently link the metallo-porphyrin with axial ligands. In 
this sense, MPs represent versatile acceptor building units to design and construct supramolecular 
architectures. Depending on its preferential geometry, the metal may in fact axially coordinate, by 
substitution of the original labile ligand(s),  one or two organic fragments in a selective manner 
regulated by hard/soft discriminations. For example, hard metal centers in high-oxidation states, like 
Sn(IV) or Al(III), preferentially coordinate apical moieties via oxygen, such as carboxylic or hydroxyl 
groups, while soft low-oǆidatioŶ state ŵetals, like )Ŷ;IIͿ oƌ Ru;IIͿ, aƌe seleĐtiǀe toǁaƌd N− oƌ P−ligaŶds, 
and in particular pyridyl and ammino groups. The coordination normally proceeds in mild conditions, by 
simply mixing the building blocks. Inherent to the nature and oxidation state of the metal center is also 
the stability and kinetic inertness of the newly formed metal-ligand bond: for example, Zn(II) can 
coordinate one axial pyridyl ligand, typically with binding constants of about 10
3−104 M-1, and presents 
ligand-exchange ƌates iŶ the oƌdeƌ of the μs, ǁhile Ru;IIͿ foƌŵs ǁith the saŵe tǇpe of ligaŶds a ŵaƌkedlǇ 
more stable and inert bond (binding constants up to 10
8
 M
-1
, and ligand-exchange rates in the order of 
ms/s).
56
 Metal-ligand coordination can be then efficiently pursued to introduce metallo-porphyrins in 
discrete multi-component systems, with the advantage of a large combinatorial flexibility, thus allowing 
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the creation of libraries of differently functionalized systems by simpler and less-demanding 
modifications restricted to the building components (even if sometimes at the expenses of robustness 
and structural identity of the final architecture).
57
 Alternatively, the meso- oƌ β-positions of the 
tetrapyrrolic core can be properly functionalized in order to promote covalent bonding. As a matter of 
facts both the approaches have been exploited often combined, leading to a large variety of eleborate 
systems, most of which extensively reviewed in the literature.
58,59
 In one of the most fascinating 
examples by Anderson (Figure 1.5, left) a polypyridyl dendrimer was used as template for the covalent 
synthesis of a 12-porphyrin ring. The pre-organization of properly functionalized Zn(II)-porphyrin 
oligomers imposed by the template, via zinc-to-nitrogen axial coordination, allows to subsequently 
direct the linkage of the meso-alkyne functionalities of the oligomers, by Pd-catalyzed covalent coupling, 
towards the giant  the multi-porphyrin wheel 1. Removal of the template can be achieved by use of 
excess pyridine.
60
 Much earlier, Branda and Chichak described one of the first examples of metal-
mediated self-assembled system by organizing six Ru(II)-porphyrins in an octahedral fashion by means of 
quaterpyridyl ligands organized around a pivotal metal center (Figure 1.5, right).
61
 In this case only non-
covalent interactions are involved to build system 2, aŶd the iŶeƌtŶess of the Ru−N ďoŶd pƌoǀides the 
necessary stability to maintain a well-defined architecture in solution. 
      
Figure 1.5. Examples of multi-porphyrin architectures obtained by Anderson (left, from Ref. 60) and Branda (right). 
 
Electrochemical and Photophysical Properties 
The prominent role of porphyrins and metallo-porphyrins in light-activated system is undoubtedly due 
to their distinctive electrochemical and photophysical features.  Comprehensive tables listing absorption 
and emission wavelengths, excited states lifetimes, redox potentials, binding constants, and other 
spectroscopical data can be found in the literature.
62
 For instance, the peculiar structural characteristics 
of the porphyrin core reflect on the absorbance spectrum of these compounds, which presents two 
different absorption regions: an intense band around 400-420 nm, namely the Soret band, 
1 2 
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corresponding to the S0→“2 π-π* tƌaŶsitioŶ, and a set of weaker bands, the Q-bands, between 450-700 
nm, typical of these conjugated macrocycles and ascribable to the pseudoparity-forbidden S0→“1 π-π* 
transition. ChaŶgiŶg the peƌipheƌal suďstitueŶts oŶ the tetƌapǇƌƌoliĐ Đoƌe, eitheƌ at the β- or at the 
meso-positions, induces variations of the electronic molecular orbitals that reflect on the absorption 
features, i.e. the position and the intensity of the Soret and Q band.
63
 Also the insertion of a metal 
center into the macrocyle notably influences the spectroscopic properties of the porphyrin: a metallo-
porphyrin, in fact, generally presents a blue-shift of the Soret band, and the collapse of the four vibronic 
components of the Q-bands into two peaks, as a consequence of the increased symmetry with respect 
to the free-base, not metallated porphyrin. Regarding the emission properties, free-base porphyrins and 
some metallo porphyrins, like, for instance, Zn(II)-porphyrins, present a strong fluorescence emission 
between 650-800 nm, while other heavy-atom metallo-porphyrins, like Ru(II)-porphyrins, only possess a 
very weak phosphorescence emission, due to a very efficient intersystem crossing (ISC) deactivation of 
the excited S1 state (the heavy atom effect). For this reason, to evaluate excited S1 state lifetimes, by 
means of time-resolved spectroscopy, for free-base and metallo-porphyrins like Zn(II)-porphyrin a 
femto-second resolution is required, while excited T1 state lifetimes for metallo-porphyrins similar to 
Ru(II)-porphyrin can be measured by means of a nano-second laser flash photolysis apparatus.
63
  These 
features are summarized in Chart 1.2. 
 
 
Chart 1.2. Absorption (solid lines) and emission (dotted lines) spectra of prototype free-base (Fb),  
Zn(II)- and Ru(II)-porphyrin (top); Energy level diagrams and photophysical deactivation mechanisms  
for the same systems (bottom). Adapted from Ref. 63. 
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1.5 Metallo-porphyrins as antennae and photosensitizers  
Despite the interest on porphyrins and metallo-porphyrins as photoactive molecules, somewhat 
surprisingly, after some early attempts,
64,65
 these chromophores have found comparatively little use as 
organic photosensitizers in photocatalytic water splitting studies. The reasons may partly lie in their 
limited solubility in aqueous media and in their non-optimal redox properties, especially from the 
viewpoint of water oxidation. Nevertheless, a new surge of interest in the use of porphyrin-based 
systems for photochemical hydrogen evolution has more recently raised.   
In order to build an efficient artificial photosystem an antenna system is required, in order to absorb 
over the entire incident solar spectrum. These antennae are ideally composed of different strongly 
absorbing chromophores, whose organization must provide efficient directional energy transfer toward 
the charge separating photosensitizer. Conventional covalent synthesis can provide useful model 
systems to study energy transfer by coupling different units, while the supramolecular synthetic 
counterpart normally grants access to combinatorial flexibility (see also above). Among the many non-
covalent forces that can be exploited for this purpose, such as hydrogen bonding and/oƌ π-π staĐkiŶg, 
the metal-ligand interaction is surely the most appealing strategy to obtain more robust assembles. 
Typical examples of porphyrin-based antennae comprise light-activable metallo-porphyrins or 
phtalocyanines, combined with energy acceptor units such as free-base porphyrins, perylene bisimide 
(PBI), naphthalene diimide (NDI), or similar.
66
 In this context, Iengo and Alessio have successfully 
exploited, in the last years, the exocyclic coordination ability of Zn(II)-cis-dipyridylporphyrins to produce 
2+2 zinc-porphyrin metallacycles via coordination of the peripheral pyridyl groups to inert ruthenium(II) 
octahedral fragments (Figure 1.6). Subsequently, the Lewis acidity of the zinc ion has been used to 
efficiently assemble the metallacycles with a series of pyridyl polytopic ligands (e.g., trans-
dipyridylporphyrins 3a or trans-dipyridylperylenebisimides 3b,c), via axial coordination to the zinc ions 
(Figure 1.6).
67
 The two-step pathway employed, i.e. first coordination of the pyridyl groups to the inert 
Ru fragment, and second coordination of the pyridyl groups to the more labile Zn centers, allows to 
avoid the occurring of undesired scrambling reactions, even if both metals have similar affinities 
towards N-based ligands. The final architectures, that can be viewed as dyads in strict photophysical 
terms, are robust and capable of promoting distinct photoinduced processes, depending on the nature 
of the connecting ligands. 
Analogously, symmetric triad 4
68
 and pentamer 5,
69,70
 formed by side-to-face coordination of a 
Ru(II)(CO)-porphyrin to the pyridyl moiety of a PBI or a free-base tetrapyridylporphyrin, respectively 
(Figure 1.6), proved to possess interesting features under visible light excitation. Irradiation of the 
peripheral chromophores induces an energy transfer to the central acceptor pillar, that can be followed 
by emission spectroscopy and time-resolved laser techniques. 
 
  1. Introduction  14 
 
 
Figure 1.6. Examples of multiporphyrin arrays for light-activated energy transfer processes. 
 
While symmetric architectures may represent an advantage for the transfer of the excitation energy, 
non-symmetric arrays are required to promote long-lived directional photoinduced charge separation. 
The huge versatility of the porphyrin platform can be used to coordinate units of various nature, either 
by coordination to the metal center or to the peripheral functionalities. For instance, in order to 
produce systems with an increased charge separated state lifetimes, different donor and acceptor units 
can be tested. Some examples from Iengo and Indelli are reported in Figure 1.7. One features an Al(III)-
monopyridylporphyrin (AlMPyP) as photosensitizer, a Ru(II)(CO)-porphyrin (RuP) as donor unit, and a 
free-base porphyrin (6)
71
 or a functionalized fullerene (7)
72
 as the acceptors. The one pot self-assembling 
process between the three different components was achieved thanks to the appropriate 
functionalization of the units, which direct selective coordination, since Al(III) preferentially axially binds 
to carboxylate moieties, while Ru(II) rather coordinates pyridyl groups. The photophysical properties of 
these adducts can be predicted by studying model compounds, although inter-component photo-
induced processes occurring in the final assembly, after excitation of the photosensitizer, cannot always 
be fully anticipated. For example, for triad 6, it has been observed that, after selective excitation of the 
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central Al(III)-porphyrin, the expected energy transfer towards the free-base porphyrin acceptor is 
actually overruled by an electron transfer process from the Ru(II)-porphyrin donor, which prevails over 
the energy-transfer process in the deactivation of the excited state of the aluminum–porphyrin unit. 
Nevertheless, this feature suggests that the Al(III)-porphyrin is a viable photosensitizer to be employed 
to achieve charge separation and even catalyst activation. 
 
 
Figure 1.7. Examples of three-component systems featuring different acceptor units. 
(legend: black = photosensitizer, red = electron donor unit, blue = energy or electron acceptor unit) 
One of the first example of fully self-assembled asymmetric triad containing an Al(III)-
monopyridylporphyrin (AlMPyP) as photosensitizer, a Ru(II)(CO)-porphyrin (RuP) as donor unit and a 
naphtalendiimide (NDI) as acceptor unit was reported by Iengo and Scandola in 2011 (8, Figure 1.8).
73
 
The photophysical investigation revealed the formation, upon visible light selective excitation of the 
AlMPyP unit, of a NDI
−
-AlMPyP-RuP
+
 charge separated state with a lifetime of 10 ns. The ubiquitous 
ability of coordination of the Al(III)-monopyridylporphyrin was subsequently exploited to build a 
photocatalytic system that was demonstrated active towards hydrogen production.
74
 The central 
photosensitizer was coordinated to a sacrificial electron donor (ascorbic acid) and to a noble metal-free 
hydrogen evolution catalyst (cobaloxime) (9, Figure 1.8). In a 30% water/acetone mixture at pH = 6, 
under irradiation with a 175 W Xe arc-lamp, the three component system developed H2 with turnover 
numbers (TONs, i.e. the total number of moles of H2 produced by one mole of catalyst or 
photosensitizer) of 352 and 117, relative to the photosensitizer and to the catalyst, respectively, 
measured after 5 hours of irradiation (quantum yield Φ of ca. 4.6%). 
  1. Introduction  16 
  
Figure 1.8. Examples of self-assembled triads for photoinduced charge separation or catalysis. 
 (legend: black = photosensitizer, red = electron donor unit, blue = electron acceptor unit). 
The photosensitizing ability of metallo-porphyrins has been exploited to activate a variety of 
photocatalysts, both in heterogeneous and homogeneous systems. As far as heterogeneous 
photosystems are concerned, as already mentioned, platinum is the election catalyst for proton 
reduction. Harriman and others studied various metallo-porphyrins as photosensitizers in aqueous 
systems containing different sacrificials (ethanol, glucose, lactate, H2S, NADH, carboxylic acid, or 
hydroxylamine) and colloidal platinum as catalyst.
75–77
 Porphyrins and metallo-porphyrins can be 
employed as well when adsorbed on the platinum surface,
78
 on nanoparticles (Figure 1.9),
79,80
 or 
nanostructured Pt/oxide composites.
81,82
  
 
Figure 1.9. Example of porphyins adsorbed on Pt nanoparticle (from Ref. 79) 
In the homogenous phase, instead, several classes of catalysts can be paired with a metallo-porphyrin 
light-harvesting unit. Taking inspiration from Nature, iron catalysts containing the biomimetic diiron 
azadithiolate (ADT) core have received great attention. As shown in Figure 1.10, the photosensitizing 
porphyrin is linked to the metal cluster via the ADT bridge, through an axial ligand connected to the 
porphyrins metal center, as in compound 10,
83
 or covalently condensed like in 11.
84
 The fluorescence 
spectrum of 10, in comparison with that of the isolated zinc-porphyrin, indicated the occurring of an 
intramolecular electron transfer process from the photoexcited chromophore to the diiorn complex, 
and the system showed H2 evolution from a TFA solution in tiophenol with TON = 0.16 with respect to 
= Pt 
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the catalyst. System 11, bearing a modified electron withdrawing bridge, presents an improved TON = 
0.5 from TFA/toluene solutions. The more recent system 12,
85
 containing  two different Zn(II)-porphyrin 
units directly connected to the iron centers via phosphines, photogenerates a significantly greater 
amount of molecular hydrogen from a toluene solution of DIPEAc (N-ehtyl-diisopropylammonium 
acetate, electron and proton donor), with TON = 5.0, with respect to the cluster concentration.  
  
Figure 1.10. Photosensitizer-HEC dyad with Zn-porphyrins as PS and [2Fe2S] as biomimetic catalyst. 
Regarding systems employing cobalt catalysts, one of the first examples was reported by Sun and 
consists of a metallo-monopyridyl-porphyrin unit as photosensitizer and cobaloxime complex as the 
HEC.
86
 Three different porphyrin derivatives, namely a Zn(II), Mg(II), and the free-base porphyrin 
analogue, were bound axially to the cobalt center to construct molecular dyads 13, 14, and 15, 
respectively (Figure 1.11). Upon continuous visible irradiation in the presence of triethylamine (TEA) as 
sacrificial electron donor in a 80/20 THF/H2O mixture, significant hydrogen evolution was observed only 
for the Zn(II)-substituted compound 13 (TON = 22 after 5 h), while only trace amounts were detected for 
complexes 14 and 15. Hydrogen production was hypothesized to proceed through two subsequent 
intramolecular electron transfer processes: after the photoexcitation of the metallo-porphyrin a first 
electron-transfer occurs from the chromophore singlet excited state to the cobaloxime catalyst, forming 
the active Co(I) species, and then a second electron-transfer from the TEA donor to the oxidized 
sensitizer recovers the metallo-porphyrin to its original state. To this respect, the best hydrogen 
evolving performance by complex 13 was claimed to arise from: i. a larger driving force for the 
photoinduced electron transfer to the catalyst (favoring 13 and 14 with respect to 15) and ii. the 
possibility of an inner-sphere electron transfer process from the donor to the reduced sensitizer favored 
by pre-coordination of the TEA on the axial position of the zinc metal center (favoring 13 with respect to 
both 14 and 15). 
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Figure 1.11. Metallo-porphyrin/cobaloxime systems as photosensitizer/catalyst for hydrogen evolution. 
Other groups have almost simultaneously studied analogous systems, not only testing the 
photocatalytical properties, but also addressing careful spectroscopical studies aimed at elucidation of 
the photo-induced processes involved.
41,87,88
 The main conclusion was that, though effectively active for 
hydrogen photogeneration, these system suffer the drawbacks of the association, which revealed to be 
detrimental for the photocatalytic experiments.
74
 In fact, it was found that hydrogen formation arises 
from a series of bimolecular reactions, often involving the triplet excited state of the photosensitizer, 
and therefore the designed association of the components is not  a desirable feature. More in details, 
porphyrins and metallo-porphyrin sensitizers may in principle undergo photoinduced electron transfer 
either at the singlet or at the triplet level. This electron transfer occurs from the porphyrin to the 
catalyst in an oxidative quenching mechanism and from the sacrificial donor in a reductive quenching 
mechanism. Obviously, all singlet electron transfer processes are thermodynamically favored over the 
corresponding triplet ones (in porphyrin-based systems typically by ca. 0.4–0.5 eV). The problem with 
singlet reactivity is, of course, related to the singlet lifetime which is usually too short (typically few ns) 
to allow for an efficient bimolecular process to occur. In principle, this problem may be circumvented by 
having the sensitizer and the electron donor or acceptor linked in some kind of supramolecular 
structure, in order to make the processes unimolecular. In practice, with very few exceptions, the 
strategy has not proven to be successful, as the photosensitizer is often oxidatively quenched by the 
catalyst in a fast process. Also, an even faster charge recombination takes place, preventing any further 
useful reactivity. As a result, very modest TONs of H2 production are obtained. In fact, most of the 
successful, high TON hydrogen evolution experiments are instead bimolecular in nature, involving the 
long-lived triplet state of the porphyrin.
21
 These considerations opened to the development of 
multicomponent systems, in which the metallo-porphyrin sensitizer, the sacrificial donor, and the 
cobaloxime catalyst act in the form of isolated units (16 and 17, Figure 1.11). In these examples, a Zn(II) 
(16)
89
 or a free-base (17)
90
 water soluble tetracationic porphyrin showed activity as photosensitizer for 
hydrogen evolution (TON = 280 after 35 h, or 60 after 9 h, vs. porphyrin PS, respectively) by irradiating a 
50/50 acetonitrile/H2O solution with triethanolamine as sacrificial and cobaloxime as catalyst. The 
remarkably lower performance of the free-base porphyrin is most likely the result of the  free-base 
porphyrin being a less powerful reducing agent in its excited state than the zinc-porphyrin. 
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1.6 Metallo-porphyrins as hydrogen evolution catalysts 
The ability of the porphyrin macrocycle to coordinate closed-shell metal centers, can be also exploited 
for the complexation metal centers potentially active in the catalytic water splitting half reactions. In the 
quest of artificial photosynthesis, some examples can be found in the literature regarding water 
splitting, for both water oxidation
91,92
 and hydrogen production, as well as CO2 reduction.
93,94
 
For what concerns the hydrogen evolution reaction (HER), one of the first studies which highlighted the 
actual potential of metallo-porphyrin to behave as catalysts was reported by Collman and coworkers
95
 
when investigating on the dihydrogen elimination reaction from ruthenium(II) and osmium(II) metallo-
porphyrin hydrides (18 and 19, Figure 1.12). Stable anionic hydrides, were observed to undergo, upon 
chemically- or electrochemically-induced oxidation, quantitative H2 elimination either upon addition of 
equimolar amounts of benzoic acid or excess water, in THF. While for the chemical oxidation, 
experiments in D2O suggested H2 formation to occur through protonation of the hydride species, in the 
electrochemical process a bimolecular mechanism between two M(III)-H moieties was demonstrated to 
be the dominating pathway.  
 
Figure 1.12. Ru(II)- and Os(II)-hydride MPs studied by Collman. 
More appealing, noble-metal free porphyrin HER catalysts were also reported in the last decades. One 
example is the Fe(III)-tetraphenylporphyrin studied by Savéant and coworkers.
96
 Electrochemical 
investigation under cathodic scan in DMF solution shows the occurrence of three reversible one-
electron reduction processes ascribable to the Fe(III)/Fe(II), Fe(II)/Fe(I), and Fe(I)/Fe(0) redox couples, 
respectively. Addition of protonated triethylamine triggers the appearance of a catalytic wave at 
potential values close to the Fe(I)/Fe(0) redox couple (onset at ca. −ϭ.ϰ V vs. SCE), ascribable to proton 
ƌeduĐtioŶ. HǇdƌogeŶ pƌoduĐtioŶ ǁas oďseƌǀed upoŶ ďulk eleĐtƌolǇsis at −ϭ.ϲ V vs. SCE of a 50 mM 
protonated trimethylamine DMF solution containing 1 mM of metallo-porphyrin, with a TON of 22 
obtained after 1 hour. Importantly, formation of hydrogen was found to be selective with a Faradaic 
yield close to 100% and the linear relationship of charge vs. time suggests good stability of the catalyst 
within this timeframe. As far as the hydrogen evolution mechanism is concerned, proton attack on the 
Fe(II)-H catalytic intermediate, obtained through protonation of a Fe(0) species, is the rate-determining 
step of the overall catalysis, which is mainly limited by diffusion of protons to the electrode surface. 
Despite the remarkable activity for the HER, the high negative operating potential of the catalyst 
strongly prevents its application within light-activated processes for photochemical water splitting. 
To this respect cobalt-porphyrins represent more suitable molecular component in view of practical 
uses, also due to the fact that related cobalt complexes have shown interesting activities as HEC. A first 
study dealing with cobalt-porphyrins as hydrogen evolving molecular catalysts was reported in 1985 by 
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Kellett and Spiro.
97
 Co(II)-tetraphenylporphyrin was shown to produce hydrogen from 0.1 M TFA 
aƋueous solutioŶ uŶdeƌ appliĐatioŶ of −Ϭ.9ϱ V vs. SCE at an Hg-pool electrode with a Faradaic yield close 
to 100%. The hydrogen evolving activity was observed to be limited mainly by adsorption of the 
porphyrin at the electrode surface, a condition which also prevented any reliable kinetic and 
mechanistic investigations of the hydrogen evolving ability of such metallo-porphyrins. Moreover, with 
the same compound, Fujita and coworkers
92
 observed H2 evolution as a side-reaction in a study of 
photochemical CO2 reduction.  
 
Figure 1.13. Molecular structures of ͞hangman͟ porphyrin 20 and its model 21, reported by Nocera. 
More recently, Nocera and coworkers
98
 reported on the electrochemical hydrogen evolution from 
organic acids catalyzed by a ͞hangman͟ Co(II)-porphyrin (Figure 1.13). ͞Hangman͟ Co(II)-porphyrin 20 
and its molecular model 21 catalyze hydrogen production from a 15 mM benzoic acid acetonitrile 
solution, at an overpotential of ca. 800 mV and with Faradaic efficiencies between 80-85%. Despite the 
not outstanding catalytic properties, this work provided an essential mechanistic insight into the 
hydrogen evolving reaction catalyzed by cobalt-porphyrins. Electrochemical investigation in acetonitrile 
solution in the presence of benzoic acid shows that both 20 and 21 undergo a reversible one-electron 
Co;IIͿ/Co;IͿ ƌeduĐtioŶ at −ϭ.ϭϬ V vs. Fc/Fc+ (ferrocene standard), which is followed by the catalytic proton 
discharge, which falls at less negative potentials as a result of the presence of the hanging group, which 
also promotes the formation of a Co(II)-hydride intermediate, via intramolecular proton transfer. In 
these conditions, in fact, hydrogen production does not take place upon direct protonation of the Co(I) 
species and an additional reduction/protonation step is required (Figure 1.14, in blue). This is likely the 
consequence of the presence of electron withdrawing groups at the meso positions, decreasing the 
basicity of the electrochemically generated Co(I) species. Interestingly, in the presence of a stronger 
acid, such as tosylic acid, the catalytic wave starts at the same, but less negative compared to the 
previous case, potential (ca. −ϭ.ϱ V vs. Fc/Fc+) for both 20 and 21, indicating that the ͞hangman͟ effect is 
bypassed. Under these strong acidic conditions, however, proton reduction catalysis still occurs at more 
negative potentials than the (now irreversible) Co(II)/Co(I) redox process, thus demonstrating that the 
mechanism involves protonation of the Co(I) species yielding a Co(III)-hydride which, however, needs to 
be subsequently reduced to a Co(II)-H species, that is then promoting hydrogen evolution upon 
protonation (Figure 1.14, in red). 
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Figure 1.14. Possible electrocatalytic cycles involving the Co(II)-porphyrin center proposed by Nocera: 
at high acidic conditions – low pH (top, in red) or at low acidic conditions – high pH (bottom, in blue). 
In summary, metallo-porphyrins bearing redox active metal centers have demonstrated to behave as 
suitable molecular catalysts for the hydrogen evolution reaction from organic solvents, in the presence 
of appropriate proton sources, even if the required overpotential to drive the proton reduction usually 
lies at higher values in comparison with other active metal complexes.
40
 Nevertheless, the general 
synthetic ease of such compounds, with the possibility of changing the nature of the inner metal 
centers, as well as the substituents in both the meso- and β-positions, allows for a wide tunability of the 
redox properties with important implications towards the optimization of the catalytic performance. 
Moreover, the presence of a delocalized π-system involving the macrocycle may help to stabilize low-
valence redox states of the metal, which are those implicated in the catalytic cycle, thanks to the partial 
delocalization of the negative charge on the aromatic ring. Although this might be of particular 
importance towards an efficient hydrogen production, an involvement of the aromatic ring in the redox 
reactions may affect the stability of the catalyst. Also, the chromophoric nature of metallo-porphyrins 
represents a possible drawback in view of the employment of such systems as catalysts in photocatalytic 
experiments. The absorption of the catalyst visible range, indeed, can overlap with the absorption of the 
photosensitizer, competing in light absorption with an inner filter effect. However, the possibility of 
working at highly diluted catalyst concentrations, usually in the μM regime, may help to prevent such an 
undesired effect. The major limitation for these system is usually the stability of the porphyrin in 
solution, with self-hydrogenation being the most favored depletion pathway, leading to the formation of 
inactive reduced species, like chlorines. Such undesired side-reactions may possibly be overcome by 
heterogenization of the system, supporting on a variety of materials, or by inclusion of the porphyrin in 
host-guest supramolecular systems. 
 
1.7 Aim of the thesis  
The research carried out during this PhD project and reported in this Thesis is focused on the realization 
of an artificial photosystems, working in homogenous water phase. Most of the work was  dedicated to 
the design, preparation and characterization of active multi-component systems containing metallo-
porphyrins, and the subsequent study of their photophysical and photochemical properties (with 
specific regard to the catalytic H2 evolution reaction) under visible light excitation. A summary of the 
various systems and the properties investigated is given in the Abstract.   
Co(II) Co(I)e-
Co(III)-HCo(II)-H
e-
H+
H+
H2
Co(0)Co(II)-H
e-
H+
H+
H2
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Chapter 2 
 
Tetrahedral assemblies of 
Ru(II)(CO)-porphyrins 
 
 
 
 
In the present Chapter, the design, synthesis, and characterization of supramolecular systems with light-
harvesting potential, in which four Ru(CO)-porphyrins are spatially and rigidly organized around a shape-
persistent luminescent scaffold based on pyridylpyridinium moieties, are described. 
 
The study reported in this Chapter was done in collaboration with the group of Prof. P. Ceroni, University of 
Bologna, Italy; X-ray analysis herein described was performed in collaboration with Dr. N. Demitri, Elettra 
Synchrotron, Trieste, Italy (see also Acknowledgments).  
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2.1 Introduction 
In an artificial photosystem, the pivotal component is undoubtedly represented by the antenna system, 
which very generally can be described as a multicomponent array containing several chromophoric units 
that absorb the incident solar radiation and convey its energy toward acceptor units able to undergo a 
charge separation process. In natural photosystems, this process, known as photoinduced electron 
transfer, is performed by highly complex structures, while on a molecular level it is usually mimicked by 
employing much simpler components, wisely chosen considering their photophysical characteristics.1 
During the last decade, great interest has been received by multichromophoric systems with a shape-
persistent arrangement of the active units, since unexpected properties can arise from the interaction 
between spatially segregated light-harvesting moieties.2,3 Also, metallo-porphyrins have been 
thoroughly studied for their strong absorption of visible radiation, light emission and redox properties, 
as well as for their versatility: the large variety of possible functionalization of the periphery, and 
appropriate choice of the nature of the metal center, allows to tune both the electronic and 
photophysical properties and the structural features of these components (see also Introduction).4 
 
Figure 2.1. Building pyridylpyridinium components prepared by the group of Ceroni,  
and Ru(II)(CO)-porphyrins chosen in this study. 
 
Pyridinium and ďipǇridiŶiuŵ Đhroŵophores ;also kŶoǁŶ as ǀiologeŶs, ŶaŵelǇ, ϭ,ϭ’-disubstituted-ϰ,ϰ’-
bipyridinium salts) are very extensively-studied functional organic fragments in virtue of their 
photochemical and electrochemical properties.5 They are widely employed as electron-acceptor 
recognition sites and redox switching units in supramolecular systems such as dendrimers,6–8 
rotaxanes,9–11 and catenanes.12,13 Moreover, they have been investigated as components for 
electrochromic displays,14 molecular batteries,15 redox mediators,16 and redox sensors.17 Concurrently, 
tetraphenylmethane is one of the most exploited divergent synthons, used as precursor for the 
preparation of shape-persistent species.18,19 These two fragments were combined by the group of Prof. 
P. Ceroni (University of Bologna, Italy) to prepare the tetra-cationic [py4][Cl]4 dendron (Figure 2.1, left), 
featuring four ϰ’-(N-phenyl)pyridylpyridinium mono-cationic arms organized in a tetrahedral rigid 
fashion by the central tetraphenylmethane sp3 carbon atom.20 Water-soluble [py4][Cl]4 (Figure 2.1), 
while preserving the characteristic absorption of ultraviolet radiation, typical of viologen units (H2O, 
[py1][X]
[py4][X]4
Ru(CO)FTPP
Ru(CO)OEP
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ʄmax= ϯϮϬ Ŷŵ; ɸ = ϲϮϲϬϬ M-1cm-1), possesses an unexpected and unusually intense fluorescent emission 
in the visible region (H2O, ʄmax= ϰϲϰ Ŷŵ; Φem = ϰϬ%; τ = ϯ.ϰ ŶsͿ. For comparison, the correspondent N-
phenyl-ϰ,ϰ’-bipyridinium monomer, namely [py1][Cl] (Figure 2.1), also prepared and studied in the same 
report, shows a very weak emission (in H2O: ʄmax= ϰϯϭ Ŷŵ; Φem = Ϭ.ϰ%; τ = ϭ.ϳ ŶsͿ. DFT and TDDFT 
calculations indicate that the peculiar emissive features of [py4][Cl]4 arise from the conformational 
rigidity of the aromatic rings of the pyridylpyridinium units, that allows through-space and through-bond 
radiative processes to occur, after light excitation. These processes are not accessible in the case of the 
monomer, as this species possess a higher degree of conformational freedom, and therefore relaxes, 
after light absorption, to the ground state via a non-emissive pathway. Cyclic voltammetry (CV) in 
aqueous solution (0.1 M NaCl) shows an irreversible reduction process at E1/2 = −Ϭ.ϴϭ V vs. SCE for 
[py4][Cl]4, assigned to the simultaneous acquisition of four electrons, while for [py1][Cl] a single 
reduction wave is observed at more negative potentials (E1/2 = −Ϭ.ϵϭ V vs. SCE). Moreover, by addition of 
HCl to a water solution of  [py4][Cl]4, the emission of [py4]
4+ is progressively suppressed, with the 
complete quenching reached at a pH value of 2.5, corresponding to the protonation of half of the 
pyridines of the tetramer. This feature was exploited to chemically and electrochemically control the 
formation of a host-guest system (Figure 2.2): upon protonation of the peripheral pyridines of [py4][Cl]4, 
four cucurbit[7]uril moieties (CB[7]) are able to encapsulate, individually, each one of the four arms of 
[py4]8+ (Figure 2.2). The curcurbiturils can then be unthreaded from the tetramer branches by either a 
chemical stimulus, i.e. increasing the pH causing deprotonation of the pyridines, or a redox stimulus, i.e. 
reduction of the pyridylpyridinium moieties (Figure 2.2). 
 
Figure 2.2. Scheme of acid-base/redox controlled encapsulation of [py4]·H4
8+ by CB[7] (adapted from Ref. 20). 
 
From a structural point of view, the four peripheral pyridines of [py4][Cl]4 may also serve as useful ligand 
donors toward appropriate metal acceptor fragments. In the present study, the possibility to use the 
tetra-cationic pyripdylpyridinium dendron as a scaffold for the preparation of large chromophoric 
arrays, in which four metallo-porphyrins are pin-pointed in a defined 3D spatial arrangement, via axial 
coordination of the peripheral pyridyl groups of the scaffold to the metal centers of the porphyrin units, 
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was investigated. To this scope, the tetrachloride salt of [py4]4+ was metathesized to the PF6
− salt, and 
subsequently combined with two separate Ru(II)(CO)-porphyrins, namely Ru(CO)FTPP and Ru(CO)OEP, 
bearing, respectively, electron withdrawing and donating substituents at the meso positions (Figure 2.1). 
In this way, two large tetrahedral assemblies, containing four metallo-porphyrins at the periphery of the 
central tetra-cationic [py4]4+ scaffold, have been successfully obtained. For comparative studies, two 
model compounds were also prepared by coordination of the [py1][ PF6] monomer to each of the 
Ru(II)(CO)-porphyrin, separately. Complete solution, and in some cases solid state (X-ray structures), 
characterization of the obtained systems is provided. Both the metallo-porphyrins were prepared from 
the commercial free-base analogues by reaction with the ruthenium cluster Ru3(CO)12 in a high boiling 
solvent, like decaline or orthodichlorobenzene.21 The different nature of the substituents on the 
Ru(II)(CO)-porphyrin core is responsible for the distinct half-oxidation potentials of Ru(CO)FTPP and 
Ru(CO)OEP (in dichloromethane: E1/2 = +1.30 V and E1/2 = +0.64 V vs. SCE) and for the different positions 
of the absorption maxima in the UV-Vis spectra (in dichloromethane: ʄmax= ϰϬϯ Ŷŵ, ɸ = ϭϰϯ ǆ ϭϬ3 M-1cm-
1 and ʄmax= ϱϮϱ Ŷŵ, ɸ = ϭϴ.ϴ x 103 M-1cm-1 for Ru(CO)FTPP; ʄmax= ϯϴϮ Ŷŵ, ɸ = ϮϬϬ ǆ ϭϬ3 M-1cm-1 and ʄmax= 
ϱϰϳ Ŷŵ, ɸ = Ϯϳ.Ϯ ǆ ϭϬ3 M-1cm-1 for Ru(CO)OEP), corresponding to the S0→“2 and the S0→“1 π-π* 
transitions. For both Ru(II)(CO)-porphyrins, after light irradiation the T1 excited state gets populated very 
fast by inter-system crossing (ISC), and this state is responsible for a weak phosphorescence emission 
(see also Chapter 1). A preliminary investigation on the photophysical properties arising from the 
combination of four metallo-porphyrin chromophores with the luminescent core, in large discrete 3D 
defined species, are also discussed. 
 
2.2 Preparation of the assemblies and of their model compounds 
The assembling process usually proceeds almost quantitatively and in mild conditions, by simply mixing 
the building blocks. First, this strategy was exploited to prepare model compounds combining the 
desired Ru(II)(CO)-porphyrin with the [py1][PF6] monomer. The reaction occurs at room temperature, by 
stirring appropriate amounts of the two components in acetone for 30 minutes, followed by 
precipitation of the corresponding 1:1 product by addition of n-hexane (yield > 90%). This final step is 
crucial to obtain clean compounds since an eventual excess of porphyrin will remain in solution. With 
this procedure, two different monocationic model assemblies were isolated, namely 
[py1][Ru(CO)OEP][PF6] and [py1][Ru(CO)FTPP][PF6] (Figure 2.3).  
The same approach was extended to the preparation of the tetrameric systems (Figure 2.4). [py4][PF6]4 
and either Ru(CO)OEP or Ru(CO)FTPP were stirred in acetone at room temperature for 30 min, and by 
precipitation with n-hexane [py4][Ru(CO)OEP]4[PF6]4 or [py4][Ru(CO)OEP]4[PF6]4 were isolated in   
excellent yields (> 80%).  
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Figure 2.3. Schematic preparation of the model monocationic assemblies. 
 
 
Figure 2.4. Schematic preparation of the  tetrameric assemblies. 
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2.3 Solution Characterization 
Nuclear Magnetic Resonance  
High-resolution NMR was the technique of election chosen for the characterization of these adducts, 
since the inert, and relatively strong, nature of the ruthenium-nitrogen bond provides clear spectra with 
sharp resonances. Moreover, the large aromatic core of the porphyrin induces, in general, a very 
characteristic and diagnostic shielding effect on the active nuclei of the axially coordinated ligand(s). In 
this sense, 1D 1H-NMR spectra were initially exploited to follow the formation of the various 
compounds, since the coordination of the pyridyl group to the ruthenium center is accompanied by 
strong upfield shifts of the proton resonances of the axial ligand, with this effect being progressively less 
dramatic as the distance from the perpendicular porphyrin aromatic macrocycle increases. On the 
contrary, the resonances of the metallo-porphyrin are not particularly affected by axial coordination to 
the metal center(s). Moreover, since the single components and the assembled system are in slow 
exchange with respect to the NMR timescale, given the inertness of the RuN bond, and spread over a 
large chemical shift range (as a consequence of the metallo-porphyrin shielding cone just mentioned), it 
is relatively easy to monitor, at least for the model compounds, the progressive formation of the target 
species, that appears as a set of sharp resonances well distinguishable from those of the free 
components. For example, for [py1][Ru(CO)FTPP][PF6] progressive amounts of Ru(CO)FTPP were added 
to an acetone-d6 solution of [py1][PF6] until the total consumption of [py1][PF6] was ascertained by the 
total disappearance of the proton signals related to the free ligand in the aromatic region, and 
concomitant growth of the peaks of the same unit within the formed species (in Figure 2.5 a comparison 
between the 1H NMR spectra of [py1][PF6], Ru(CO)FTPP and [py1][Ru(CO)FTPP][PF6] is shown).  
 
Figure 2.5. 1H-NMR spectra (acetone-d6, 500 MHz) of [py1][PF6] (top), Ru(CO)FTPP (center) and 
[py1][Ru(CO)FTPP][PF6] (bottom). Dashed lines highlight the resonances for the proton signals of the scaffold with 
the largest observed upfield shifts (see also Table 2.1). 
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The unambiguous assignment of the resonances was done by means of signal relative integrations, 2D 
HH-COSY and HC-COSY (HSQC) experiments, as reported in Figure 2.6 for [py1][Ru(CO)FTPP][PF6] (see 
also Figures 2.A.3 -2.A.5 of appendix for the other model compound [py1][Ru(CO)OEP][PF6]). 
 
  
Figure 2.6. 2D spectra (acetone-d6, 500 MHz) of [py4][Ru(CO)FTPP]4[PF6]4: HH-COSY (top) and HSQC (bottom).  
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Progressive formation of the two tetrameric assemblies, [py4][Ru(CO)OEP]4[PF6]4 and 
[py4][Ru(CO)FTPP]4[PF6]4, can also be followed by 
1H NMR, with the same procedure just described for 
the corresponding models. Though, in these cases, the NMR spectra are very crowded and present a 
large number of resonances, before the correct stoichiometric ratio between the two components is 
reached, as a consequence of the co-existence of non-equilibrating intermediate species, namely excess 
free [py4][PF6]4 and partially assembled derivatives bearing a variable number (from one up to four) of 
peripheral coordinated metallo-porphyrins. When the correct 1:4 stoichiometric ratio between 
[py4][PF6]4 and the Ru(II)(CO)-porphyrin is reached, the 
1H-spectrum simplifies considerably, presenting 
a pattern, both in terms of number and position of the proton signals, very similar to that of the 
corresponding model system (Figure 2.7), albeit for the signal integration ratio. These spectral features 
are in agreement with the formation of a highly symmetrical species, in which each one of the four arms 
of the scaffold is axially bound to one ruthenium-porphyrin center, and in particular: i. the relative 
integration of the resonances of the porphyrin and the scaffold confirms the 1:4 stoichiometry, and ii. 
the presence of only one set of signals is consistent with the presence of four magnetically equivalent 
arms for the scaffold and four magnetically equivalent peripheral Ru(II)(CO)-porphyrins. For both 
[py4][Ru(CO)OEP]4[PF6]4 (Figure 2.A.4) and [py4][Ru(CO)FTPP]4[PF6]4, the entity of the upfield shift of the 
scaffold proton resonances is slightly larger with respect to the correspondent models, as a 
consequence of the increased shielding effect deriving from the overall contribution of four porphyrins. 
Taďle Ϯ.ϭ proǀides a ĐoŵpreheŶsiǀe suŵŵarǇ of the Δɷ (ppm) values calculated for each assembled 
species. 
 
Figure 2.7. 1H-NMR spectra (acetone-d6, 500 MHz) of [py4][PF6]4 (top), Ru(CO)FTPP (center) and 
[py4][Ru(CO)FTPP]4[PF6]4 (bottom). Dashed lines highlight the proton resonances of the scaffold with the largest 
observed upfield shifts (see also Table 2.1).  
For simplicity, only one of the four arms is depicted, with proton labeling scheme. 
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Taďle Ϯ.ϭ. Δɷ ǀaluesa (ppm) calculated for the phenyl-pyridylpyridinium arm 1H resonances.  
 [py1][Ru(CO)OEP]+ [py1][Ru(CO)FTPP]+ [py4][Ru(CO)OEP]4
4+ [py4][Ru(CO)OFTPP]4
4+ 
py1 − 7.23 − 7.18 − 7.84 − 7.26 
py2 − 2.26 − 1.86 − 2.40 − 1.97 
py3 − 1.16 − 0.88 − 1.36 − 1.08 
py4 − 0.65 − 0.45 − 0.84 − 0.70 
oH − 0.41 − 0.51 − 0.74 − 0.65 
mH − 0.21 − 0.31 − 0.71 − 0.61 
acalculated as Δɷ = ɷ;sigŶal, asseŵďlǇͿ- ɷ;sigŶal, free ligaŶdͿ. 
 
For [py1][Ru(CO)FTPP][PF6] and [py4][Ru(CO)FTPP]4[PF6]4 
19F-NMR experiments were also employed 
(Figure 2.8), and afforded additional and fruitful structural information. The 1D 19F spectrum (acetone-
d6) of Ru(CO)FTPP shows a set of five signals, around −150 ppm, assigned by means of relative 
integration, multiplicity, JFF coupling constants, and a 2D FF-COSY experiment, respectively to ortho- 
(oF), para- (pF), and meta-fluorine atoms (mF) of the Ru(CO)-porphyrin phenyl rings. The resonances 
pertaining to the oF and mF are split into two sets of equal intensities, integrating for 4F each (Figure 2.9 
and 2.A.6).  
 
 
 
Figure 2.8. 19F-NMR spectra (acetone-d6, 470.12 MHz) of Ru(CO)FTPP (top) and [py4][Ru(CO)FTPP]4[PF6]4 (bottom). 
The Ru(II)(CO)-porphyrin moiety is depicted in a side-view perspective to better show the phenyl fluorines in/out 
average disposition, with respect to the porphyrin plane.  
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Figure 2.9. Selected regions of the 19F-NMR spectrum (acetone-d6, 470.12 MHz) of [py4][Ru(CO)FTPP]4[PF6]4. 
This observation is consistent with the fluorinated phenyl residues being (on average) perpendicular 
with respect to the porphyrin plane, and in slow rotation, on the NMR timescale, around the CmesoCring 
bond, as typically found in Ru(II)(CO)-porphyrins.22,23 As a consequence, the two halves of the phenyl 
rings are not equivalent, given the presence of the CO moiety on one side of the porphyrin, which is 
strongly bound to the ruthenium center and whose triple bond exert a de-shielding effect on the 
fluorines pointing in a perpendicular direction (oFout and mFout, Figure 2.9). This effect is enhanced in the 
assembled [py4][Ru(CO)FTPP]4[PF6]4 system: the aromatic axial pyridylpyridinium [py4]
+ scaffold and the 
four Ru(CO)-porphyrin macrocycles induce a shielding effect on the fluorines facing towards the inner 
side of the system, thus increasing the difference in chemical shift between the two types of oF and mF 
(see also Table 2.2). Moreover, in the 19F spectrum the doublet generated from the PF6¯ counterion is 
also present, with its signal intensity being in the correct ratio with respect to those of the porphyrin 
fluorine resonances, both for [py1][Ru(CO)FTPP][PF6] and [py4][Ru(CO)FTPP]4[PF6]4.  
 
Table 2.2. Absolute Δɷ ǀalues ;ppŵͿ ĐalĐulated for the oF and mF 19F resonances.  
 [Ru(CO)FTPP] [py1][Ru(CO)FTPP]+ [py4][Ru(CO)FTPP]4
4+ 
oF 
a
 0.51 0.95 0.89 
mF
b
 0.24 0.68 0.67 
acalculated as Δɷ = ɷ;oFin)- ɷ;oFout); bcalculated as Δɷ = ɷ;ŵFin)- ɷ;ŵFout). 
 
Heteronucler Overhauser Effect Spectroscopy (HOESY) experiments were performed, in order to look for 
possible spatial proximities between the counterion and the components. As can be seen in Figure 2.10, 
for [py4][Ru(CO)FTPP]4[PF6]4, the 2D HF-HOESY spectrum (acetone-d6) presents weak, but distinct, 
through-space cross-peaks between the fluorines of PF6¯ and the protons of the phenyl-pyridinium 
portions of [py4]4+, indicating that, at least in acetone and on the NMR time-scale, the oppositely 
charged counter parts reside in relatively close spatial proximity. In the same spectrum, a clear cross-
peak between the oF and the nearby beta pyrrolic protons (H) of the porphyrin can be also detected. 
On the other hand, no cross-peaks can be observed between the fluorines of the porphyrin and the 
protons of the scaffold, suggesting that in the assembly none of these residues is sufficiently close for 
their correlation to be revealed by HOESY experiments.  
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Figure 2.10. 2D HF-HOESY spectrum (acetone-d6, 500 MHz) of [py4][Ru(CO)FTPP]4[PF6]4, with F-H through-space 
correlations highlighted in different colors.  
In order to obtain direct indications of the correct formulation of the assemblies and their model 
compounds, ESI mass spectra were registered. Disappointingly, the several attempts performed with the 
indoor electrospray instrument were unsuccessful, and only afforded spectral patterns corresponding to 
fragmentation in the building components (see for example ESI-MS of [py4][Ru(CO)FTPP]4[PF6]4 in Figure 
2.A.19 of the Appendix Section). Fragmentation of such side-to-face ligand-porphyrin assemblies is often 
encountered in the literature, also when the even softer MALDI-MS analysis technique is employed, and 
is mainly ascribed to the, almost unavoidable, occurring of protonation of the basic atom of the axial 
ligand(s).24,25 
For this reason, Diffusion-Ordered Spectroscopy (DOSY) was used  to recover additional information on 
the size of the prepared species. DOSY has recently become a widespread technique to analyze 
supramolecular systems, due to the large availability of high field NMR spectrometers implementing the 
required operating feature of generating pulse-field gradients (PFGs), along the direction of the 
magnetic field. The success of this technique is ascribable to the lack of analytical techniques (such as 
reliable mass analysis) to evaluate systems lying in the chemical mesoscale, from several angstroms to 
hundreds of nanometers.26 The theoretical explication of this technique is longstanding and has been 
widely discussed since early 1990s. From a very practical point of view, the PFG is a time-period during 
which the magnetic field B is made spatially inhomogeneous. In particular, B varies linearly along the z-
axis of a quantity G representing the gradient intensity. Recording consecutive 1D spectra in which G is 
gradually increased, an attenuation of the signals is observed due to the diffusion rate of the species in 
solution, since during the gradient delay spins move as a consequence of the self-diffusion, thus causing 
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an incomplete refocusing and therefore a reduction of the recorded echo amplitude. Usually, quite 
complicated pulsed sequences are employed to eliminate the contribution of the thermal convection to 
the diffusional rate. In the present case, the Bipolar Pulse Pair Stimulated Echo  with convection 
compensation sequence (bppste_cc), implemented for a Varian 500 spectrometer, was employed.27 
 
The attenuation of the signal is strictly correlated with the diffusion coefficient (Dt) of the species 
generating the analyzed signal through the Stejskal-Tanner equation:  ��0 = exp⁡ሺ−�௧ߛ2ߜ2�2∆ሻ 2.1 
where: I/I0 is the relative intensity of the considered signal 
 Dt  is the translational diffusion coefficient of the species generating the signal 
 ɶ is the gyromagnetic ratio 
 ɷ  is the gradient length 
 G is the gradient intensity 
 Δ is the diffusion delay 
 
Since the experimental parameters ɶ, ɷ, and Δ are constant throughout the procedure, the term  ߛ2ߜ2�2∆ is commonly indicated as b, so equation 2.1 becomes: ��0 = exp⁡ሺ−�௧ܾሻ 2.2 
 
Dt can be extracted by fitting the experimental decay with a mono-exponential function (2.2) and then, 
applying the linearization –ln(I/I0) versus b, the Dt is obtained as the slope of the data regression line. 
This procedure is nowadays automatically provided by the commonly used NMR-analysis software. Still, 
to obtain an accurate estimation of the diffusion coefficient for a desired compound, it is more 
appropriate to calculate the average among the Dt values obtained from the attenuation of each signal 
measured in the 1D spectra, for the considered compound. In Figure 2.11, the 1H-DOSY experiment 
(acetone-d6) for [py4][Ru(CO)OEP]4[PF6]4 is reported, together with the decays analyzed for different 
proton signals, and their linearization, from which the Dt parameters can be extracted and subsequently 
mediated to afford an average Dt value.     
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Figure 2.11. 1H-DOSY experiment (500 MHz, acetone-d6, Δ = ϭϬϬ ŵs) for [py4][Ru(CO)OEP]4[PF6]4 (top); signal 
decays with monoexponential fitting - for the [py4]+ scaffold the decay results from the intensity values averaged 
in each 1D spectrum over all the proton resonances (bottom, left); linearization of the decays, with the slope of the 
regression line affording the Dt values (bottom, right). 
 
Data were also processed - using the automatic Bayesian transform processing of the MestReNova 
software28 - to obtain a bidimensional plot, in which conventional 1D traces are displayed in one 
dimension and diffusion rates in the other. In this way, a 2D map is obtained in which the horizontal 
rows refer to species having the same Dt and, therefore, the same hydrodynamic radius ��. For this 
reason, the 2D maps are a valuable and discriminating tool to prove the presence, and therefore the 
occurred formation, of a single species, the 1D signals of which will in fact appear aligned on the same 
value on the vertical 2D map axes.29 This last feature is also particularly useful to exclude the presence 
of residual amounts of  free building units, that maybe missed from the 1D trace. This is particularly true 
for the cases in which one or more of the building units display overlapping signals in the free and 
assembled form. In the present cases, this consideration well applies to either the 1H or 19F resonances 
of the Ru(II)(CO)-porphyrin component that are not particularly affected by the coordination of the 
complementary building unit, thus hampering the detection, in the 1D traces, of small amounts of free 
metallo-porphyrin. In this respect the 2D DOSY maps can be considered as a sort of NMR thin layer 
chromatography. Moreover, DOSY experiments can be also exploited to evaluate the formation of host-
CH3 
CH2  
Hmeso 
scaffold 
CH3 
CH2  
Hmeso 
scaffold 
  2. Tetrahedral assemblies of Ru(II)(CO)-porphyrins 38 
guest systems, as well as to assess the presence of ion couples in solution, for example in dependence 
with the nature of the solvent, provided that both the guest and the host, in the former case, and both 
the cation and the anion, in the latter case, possess at least one, and equal, active NMR nucleus.  
The 2D 1H-DOSY maps for [py4][Ru(CO)OEP]4[PF6]4 and [py1][Ru(CO)OEP][PF6], overlapped with those of 
the corresponding building units, are reported in Figure 2.12 and  2.13, respectively. From the 
superimposition of the 2D maps, the differences in Dt values are clearly appreciable, also with respect to 
the smaller, faster diffusing, solvent molecules. Moreover, the building units and the relative assembled 
species are correctly ordered top to bottom following decreasing coefficient values, which correlate well 
to the relative increasing dimensions.  
 
 
Figure 2.12. Superimposition of the 2D 1H-DOSY spectra (Bayesian transform, acetone-d6, 500 MHz) of Ru(CO)OEP 
(red), [py4][PF6]4 (blue), and [py4][Ru(CO)OEP]4[PF6]4 (green). On the horizontal axis, only the 1D 
1H trace for 
[py4][Ru(CO)OEP]4[PF6]4 is shown for simplicity. 
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Figure 2.13. Superimposition of the 2D 1H-DOSY spectra (Bayesian transform, acetone-d6, 500 MHz) of Ru(CO)OEP 
(red), [py1][PF6] (blue), and [py1][Ru(CO)OEP][PF6] (green). On the horizontal axis, only the 1D 
1H trace for 
[py1][Ru(CO)OEP][PF6] is shown for simplicity.  
 
The correlation between the diffusion coefficient and the hydrodynamic radius follows the Stokes-
Einstein equation for linear diffusion:  �௧ = ��6����  2.3 
where:  k  is the Boltzmann constant 
  T   is the absolute temperature 
η   is the fluid viscosity, dependent from solvent and temperature  
The equation practically assesses that a species with a diffusion coefficient Dt diffuses in a given solvent 
with the same rate of a sphere of radius ��, which can be considered the hydrodynamic radius of the 
molecule if its shape fits the spherical approximation. If the species has a significant distortion from a 
spherical shape, the equation can be appropriately modified as follows: �௧ = ���௦ܿ���� 2.4 
 
introducing the shape factor fs and the size factor c, the values of which can be calculated following the 
guidelines extensively discussed by A. Macchioni and coworkers.30 Briefly, shape factor fs takes into 
account the ratio between the two semi-axes of the molecule skeleton for oblate (disc-like) or prolate 
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(cigar-like) systems, when this ratio is greater than 3, whilst the size factor c is introduced to obtain a 
better fit for molecules whose dimensions are comparable with those of the solvent. More in general, 
unless the system is accurately described by the spherical approximation, the absolute �� values 
obtained from the diffusion coefficient is purely qualitative, while the relative comparison between the �� values, calculated for the isolated building units and the assembled systems, is quantitatively more 
meaningful. 
A summary of the gathered Dt numeric values for the various compounds are listed in Table 2.3, along 
with the derived calculated hydrodynamic radii, in the spherical geometry approximation.  
Table 2.3. Diffusion coefficient values derived from the 1H-DOSY NMR experiments. 
compound Dt 
a (cm2s-1) rH 
b (Å) 
[py1][PF6] 1.98±0.01 x 10
-5 3.4 
Ru(CO)OEP 1.46±0.02 x 10-5 4.7 
Ru(CO)FTPP 1.25±0.04 x 10-5 5.5 
[py1][Ru(CO)OEP][PF6] 1.15±0.04 x 10
-5 5.9 
[py1][Ru(CO)FTPP][PF6] 1.05±0.01 x 10
-5 6.5 
[py4][PF6]4 8.86±0.03 x 10
-6 7.7 
[py4][Ru(CO)OEP]4[PF6]4 5.82±0.03 x 10
-6 11.7 
[py4][Ru(CO)FTPP]4[PF6]4 5.33±0.04 x 10
-6 12.8 
aaverage of Dt values obtained from the 
1H signal decay analysis;  
bcalculated from equation 2.3. 
In the present case, the Dt values obtained for the building units (namely, the Ru(II)(CO)-porphyrins and 
the [py1][PF6] or [py4][PF6]4 scaffolds) are roughly one order of magnitude larger than those obtained 
for the assembled species [py4][Ru(CO)OEP]4[PF6]4 and [py4][Ru(CO)FTPP]4[PF6]4, in agreement with the 
presence of smaller - and thus faster diffusing - and larger - and thus slower diffusing – species, 
respectively. These experiments are particularly informative for the [py4][Ru(CO)OEP]4[PF6]4 system to 
assess the dimensions of the adduct, given that for this assembly it was not possible to obtain good 
quality single crystals (see Structural Characterization below). Moreover, the systems bearing 
Ru(CO)OEP as metallo-porphyrin component, result more contracted than the corresponding ones 
bearing Ru(CO)FTPP, in line with the relative values derived for the two isolated metallo-porphyrins. 
Also, as expected, the [py4][PF6]4 scaffold diffuses as a bulkier species if compared to the smaller 
[py1][PF6] model. 
For [py1][Ru(CO)FTPP][PF6], [py4][Ru(CO)FTPP]4[PF6]4 and the corresponding pyridylpiridinium units 
[py1][PF6] and [py4][PF6]4, a similar DOSY analysis was performed observing the 
19F nucleus. In doing so, 
some instrumental and software-related problematic issues were encountered that impeded the 
employment of the very same pulse-sequence used to register the 1H-DOSY spectra to record the 19F-
DOSY spectra. In particular, the only available and reliable sequence, Oneshot Dosy31 (Doneshot for the 
Varian 500 spectrometer), did not contain the additional pulses dedicated to the compensation of the 
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diffusion component arising from thermal convection. The undesired consequences of this fact are: i. 
the 19F signals decay is inevitably faster than what expected on the basis of the 1H DOSY analysis, making 
a direct comparison between the two analysis troublesome; ii. the larger is the system, the more 
dramatic is the effect of convection on the signals decays, making a comparison between the the 
derived Dt values much less meaningful (Table 2.4). Still, some useful, albeit more qualitative, data were 
derived. For instance, the 2D DOSY map of [py4][Ru(CO)FTPP]4[PF6]4 shows the alignment of the 
19F 
resonances of the PF6
 anions with those of the porphyrin phenyl fluorines (Figure 2.14, top), with 
comparable Dt values derived from the corresponding 
19F signal decays (Figure 2.14, bottom). On the 
other hand, this is not true for the model [py1][Ru(CO)FTPP][PF6] (Figure 2.15), for which markedly 
different signals decays, and Dt values, were obtained for the PF6ˉ anion and the [py1][Ru(CO)FTPP]+ 
cationic counterpart. These observations seems to suggest that, in acetone solutions, there is a stronger 
electrostatic interaction between the ionic couple in [py4][Ru(CO)FTPP]4[PF6]4 as compared to 
[py1][Ru(CO)FTPP][PF6]. A deeper investigation of this aspect, for instance by varying the nature of the 
solvent, was not performed as yet. 
 
Table 2.4. Summary of the Dt values derived from the 
19F-DOSY experiments and comparison  
with those obtained by 1H-DOSY analysis (see also Table 2.3). 
compound aDt (cm
2 s-1) PF6ˉ bDt (cm2 s-1) porphyrin  cDt (cm2 s-1) 1H 
[py1][PF6] 3.08 x 10
-5 ̶ 1.98 x 10-5 
Ru(CO)FTPP ̶ 1.06 x 10-5 1.25 x 10-5 
[py1][Ru(CO)FTPP][PF6] 4.18 x 10
-5 2.33 x 10-5 1.05 x 10-5 
[py4][PF6]4 2.22 x 10
-5 ̶ 8.86 x 10-6 
[py4][Ru(CO)FTPP]4[PF6]4 4.8 x 10
-5 4.1 x 10-5 5.33 x 10-6 
avalues obtained from the decay analysis of one of the two signals of PF6¯; 
bvalues obtained from the decay of the pF signal;  
caverage value obtained from the decay analysis of the 1H spectra. For all the data, an average 0.3% error can be estimated. 
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Figure 2.14. 2D 19F-DOSY spectrum (Bayesian transform, acetone-d6, ϰϳϬ.ϭϮ MHz, Δ = ϭ20 ms) of 
[py4][Ru(CO)FTPP]4[PF6]4 (top); normalized signals decays with monoexponential fitting (bottom, left); linearization 
of the decay and extrapolation of Dt as the slope of the regression line (bottom, right). 
Experimental data and fitting curves are represented, respectively, with circles and continuous lines. 
 
slope = 4.08 x 10-5  
slope = 4.85 x 10-5  
PF6¯ 
Ru(CO)FTPP 
Ru(CO)FTPP 
PF6¯ 
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Figure 2.15. 2D 19F-DOSY spectrum (Bayesian transform, acetone-d6, ϰϳϬ.ϭϮ MHz, Δ = ϭ50 ms) of 
[py1][Ru(CO)FTPP][PF6] (top); normalized 
19F signals decays with monoexponential fitting (bottom, left); 
linearization of the decay and extrapolation of Dt as the slope of the regression line (bottom, right). 
Experimental data and fitting curves are represented, respectively, with circles and continuous lines. 
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The NMR technique was also used to estimate the binding constant between the units in the model 
systems, which should give an indication of the robustness of the assemblies. Addition of 
substoichiometric  amounts of metallo-porphyrin to an acetone-d6 solution of [py1][PF6] results in the 
immediate formation of the assembled system, with only residual 1H resonances pertaining to the 
unreacted scaffold detectable (see Figure 2.A.8). This characteristic is typical of a very slow exchange 
situation, and it may therefore be tempting to try and derive the association constant directly from the 
relative ratios of the free and bound scaffold. However, this is not trivial in practice due to errors arising 
from the limitation of obtaining an accurate signal integration for the less intense peaks. Nevertheless, it 
is possible to estimate an inferior limit value for the binding constant, considering the consumed 
component to have a concentration lower than the limit of detection of the NMR analytical technique. 
Therefore, for the model [py1][Ru(CO)OEP][PF6], first a minimum detectable concentration was 
determined by progressive dilution of an acetone-d6 of the sample, accompanied by the monitoring of 
the 1H NMR spectrum at each dilution step. This resulted in defining 1 x 10-5 M as the lower detectable 
concentration limit for [py1][Ru(CO)OEP][PF6]. From this start point, the following reaction was 
considered, in which A and B are the [py1][PF6] and [Ru(CO)OEP] components, respectively: 
 ܣ + ܤ⁡ ⇄ ܣܤ 2.5 
 
with the binding constant expression being � = [ܣܤ][ܣ]��[ܤ]�� = [ܣܤ]ሺ[ܣ]0 − [ܣܤ]ሻሺ[ܤ]0 − [ܣܤ]ሻ 2.6 
in which [A]0 and [B]0 are the initial concentrations of the two components.  
As said, [B]eq→ Ϭ ďut is Ŷot eǆaĐtlǇ zero, rather [B]eq < 1 x 10-5 M. Considering [AB] = [A]0 – [B]eq ≈ [A]0 , 
equation 2.6 simplifies as follows: � = [ܣ]0([ܣ]0 − ሺ[ܣ]0 − [ܤ]��ሻ)[ܤ]�� ≥ [ܣ]0ሺ[ܤ]��ሻ2 2.7 
So, with the chosen initial concentration of [py1][PF6] being [A]0 = 1.0 x 10
-3 M, the resulting binding 
constant related to the [py1][Ru(CO)OEP][PF6] model was found to be K  1 x 107 M-1. A comparable 
value was also derived from a UV-Vis titration (see below). 
Regarding the tetrameric assembly, the analysis is by far more complicated due to the fact that four 
metallo-porphyrins progressively bind to the same scaffold in a non-equilibrating situation: in the 
substoichiometric regime, at every addition of Ru(II)(CO)-porphyrin to an acetone-d6 solution of 
[py4][PF6]4, in the 
1H NMR spectrum it is possible to detect the sharp resonances pertaining to the fully 
assembled system, together with intermediated species with partially coordinated pyridyl groups, and 
small amounts of  free [py4]4+, meaning that the assembling process is completely shifted towards the 
product. Moreover, the possible establishment of either cooperative or competitive effects among the 
different arms of the scaffold in the coordination to the four metal centers may have to be taken into 
account. Without any spectroscopic evidence of these sort of phenomena, it is possible to consider that 
the four pyridyl arms react in an independent manner, with a binding constant similar to that of the 
model.  
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Absorption and emission spectroscopy 
UV-Vis and fluorescence emission optical spectroscopy was used to follow the formation of the various 
adducts, as well as to confirm their stoichiometry. In the absorption mode, subsequent aliquots of a 
concentrated acetone solution of either [py1][PF6] or [py4][PF6]4 were added to an acetone solution of 
the appropriate Ru(II)(CO)-porphyrin, resulting, in all cases, in minor red-shifts of the Soret band (of ca. 
3 nm) and very moderate bleaching of the Q-bands (the example of [py4][Ru(CO)FTPP]4[PF6]4 is reported 
in Figure 2.16, top). The stoichiometry of the final assembled system can be derived from the abscissa 
value at the break-point in the plot of the absorbance intensity at ʄ = ϱϮϱ Ŷŵ versus the ratio between 
the increasing concentration of the added pyridylpyridinium unit over that of the porphyrin. This ratio is 
1 for the [py1][Ru(CO)FTPP][PF6] model (see appendix, Figure 2.A.23) and 0.25 for 
[py4][Ru(CO)FTPP]4[PF6]4, indicating a 1:1 and a 1:4 scaffold/metallo-porphyrin stoichiometry, 
respectively (the example of [py4][Ru(CO)FTPP]4[PF6]4 is reported in Figure 2.16, bottom). It must be 
noted here that the absorption spectra corresponding to the assembled systems can be considered as a 
superimposition of those of the appropriate model compounds, e.g. for [py4][Ru(CO)FTPP]4[PF6]4 the 
spectrum matches well with the sum of those of [py4][PF6]4 and [Ru(CO)(pyridine)FTPP] (here not 
shown). This fact indicates that the coordination of the pyridyl groups to the Ru(II)(CO)-porphyrins does 
not perturb to a significant extent the ground state properties of the original components.   
 
 
Figure 2.16. UV-vis titration of Ru(CO)FTPP (1.23 x 10-5 M  in acetone) with [py4][PF6]4: Soret band region (top, left), 
Q bands region (top, right); normalized decay of the absorption intensity at ʄ = ϱϮϱ Ŷŵ, with the increasing of 
[py4][PF6]4 concentration, at a constant porphyrin concentration (bottom), showing a break-point at 0.25 
equivalents of added [py4][PF6]4.  
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The formation of both [py4][Ru(CO)FTPP]4[PF6]4 and [py4][Ru(CO)OEP]4[PF6]4 can be also monitored with 
the correlated fluorescent emission back-titration (i.e. a concentrated acetone solution of the Ru(II)(CO)-
porphyrin is progressively added to an acetone solution of [py4][PF6]4), but not for the corresponding 
models [py1][Ru(CO)FTPP][PF6] and [py1][Ru(CO)OEP][PF6], given the very weak emission of [py1][PF6]. 
More in details, the characteristic emission band arising from the [py4][PF6]4 unit at 475 nm (ʄexc = 330 
nm) was recorded, showing a significant and progressive decrease of intensity, with the increasing of the 
porphyrin concentration (Figure 2.17, left). Plotting this emission intensity decrease versus the ratio 
between the concentration of the added porphyrin over the concentration of [py4][PF6]4, the complete 
quenching of [py4][PF6]4 emission is reached when less than 4 equivalents of porphyrin are added 
(Figure 2.17, right). This effect is not unexpected, in fact coordination of one Ru(II)(CO)-porphyrin unit to 
the [py4][PF6]4 may be sufficient to quench completely the tetramer emission, by intramolecular 
electron transfer processes, analogously to what described above for the emission decay of [py4][Cl]4 
observed upon protonation of the peripheral pyridines (see Section 2.1). Also, an intramolecular energy 
transfer process form the excited singlet state of [py4]4+ to the energetically available excited states of 
the Ru(II)(CO)-porphyrin units (see also energy diagram in Figure 2.23), cannot be ruled out at this stage 
of the investigation .  
 
Figure 2.17. Fluorescence emission titration of [py4][PF6]4 (6.75 x 10
-6 M in acetone, ʄexc = 330 nm) with 
Ru(CO)FTPP: ďleaĐhiŶg of the Ŷorŵalized eŵissioŶ iŶteŶsitǇ ;leftͿ, aŶd deĐaǇ of the ŵaǆiŵuŵ at ʄ = ϰϳϱ Ŷŵ (right) 
with the increasing of Ru(CO)FTPP added equivalents, showing an end-point at less than 3 equivalents.  
Given the degree of complexity associated with the occurring of multiple pyridyltoruthenium 
coordination events, and with the manifold possible processes responsible for the observed emission 
quenching, this type of experiment cannot be used to infer reliable stability constant data. Emission 
spectroscopy was then exploited to determine a lower-limit concentration at which the  
[py4][Ru(CO)FTPP]4[PF6]4 can be considered still intact, by diluting an acetone solution of 
[py4][Ru(CO)FTPP]4[PF6]4, and monitoring the recovery of the [py4][PF6]4 emission. The start of restoring 
of the sĐaffold eŵissioŶ at ʄ = ϰϳϱ Ŷŵ was not observed at a [py4][Ru(CO)FTPP]4[PF6]4 concentration of 
ca. 2.5 x 10-7 M, leading to conclude that the assembled system can be considered stable down to this 
concentration (further dilutions correspond to a too weak detectable fluorescence, hampering a more 
accurate determination of this limit concentration value).  
UV-Vis titration experiments, in order to estimate a value for the binding constant for the model 
systems, proved to be quite challenging, as a consequence of several factors: i. the absorption spectra 
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during the titrations are characterized by very small variations, both in the absorption band positions 
and intensities, thus impeding the obtainment of accurate data, and ii. the slow kinetics found to occur 
during the UV-Vis titrations further complicate a precise analysis. A tentative extrapolation of the K 
value for the model [py1][Ru(CO)FTPP][PF6] was nevertheless done by UV-Vis titration experiments. 
[py1][PF6], as a concentrated acetone solution, was stepwise added to an acetone solution of Ru(CO)TPP 
(8.12 x 10-5 M) and the bleaching of porphyrin Q band at 554 nm was monitored. K is obtained by the 
Specfit software32 plotting the calculated concentration of the assembled system versus the 
concentration of added [py1][PF6] (here not shown). The derived value, K = 3.2 x 10
7 M-1, is however to 
be taken with caution, considering that the error in the absorption intensity value readings, when very 
small variations occur, can be quite large. Still, it is important to notice that the K value so obtained is 
fully consistent with the value extrapolated, for the same system, by 1H NMR titration (see above).  
 
2.4 Solid state Characterization 
Single crystals suitable for X-Ray diffraction of the two model compounds, [py1][Ru(CO)OEP][PF6] and 
[py1][Ru(CO)FTPP][PF6], were obtained by slow diffusion of n-hexane into concentrated acetone 
solutions of each sample. In both cases needle-like crystals were obtained, for [py1][Ru(CO)FTPP][PF6] a 
second unexpected polymorphic form (appearing as thinner crystalline plates) was also found, 
presenting a different packing of the units. Details on the crystallization and data refinement are 
reported in the Experimental Section.  
[py1][Ru(CO)OEP][PF6] crystallizes in a triclinic P-1 space group, with one complex and one well-ordered 
acetone molecule present in the asymmetric unit (Figure 2.18, right). The shortest F···N+ distance is 
found to be of 3.705(2) Å. Contacts between two neighboring [py1][Ru(CO)OEP]+ units, deriving from 
weak hydrophobic interactions between the ethyl side-chains of the porphyrins, can be observed, and 
are likely responsible for the head-to-head packing, forming an homogenous distribution of molecules, 
disposed in close proximity by symmetry elements (inversion centers), with small voids resulting in the 
packing. 
 
Figure 2.18. X-ray crystal structure of [py1][Ru(CO)OEP][PF6]: ORTEP representation of the asymmetric unit (50% 
probability ellipsoids), showing one PF6¯ and one acetone molecule (hydrogens not shown) (left). Stick 
representation of the head-to-head disposition of two neighbouring complexes (PF6¯ not shown) (right). 
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[py1][Ru(CO)FTPP][PF6] crystallizes in a monoclinic P21/n space group with one complex contained in the 
crystallographic asymmetric unit (Figure 2.19, left) and a total of four complexes present in the unit cell 
(Figure 2.A.20). The PF6¯ counterion is found close to the positively charged pyridinium nitrogen, the 
shortest F···N+ distance being of 3.121(2) Å. Notably, the fluorine of the PF6¯ anions present orthogonal 
close contacts with the fluorines of the phenyl pertaining to two different neighboring porphyrins, with 
the shortest F···F distance being of 3.001(2) Å, possibly indicating the presence of a weak halogen 
bonding network. The void space is filled by two acetone and one disordered water molecule, most 
likely deriving from wet acetone, and weakly interacting with the oxygen of a vicinal Ru(CO) moiety (dO-O 
= 3.43(2) Å, Figure 2.19, right).  
      
Figure 2.19. X-ray crystal structure of [py1][Ru(CO)FTPP][PF6]: Stick representation of the crystal packing, showing 
the contacts of PF6
 anions with the fluorine of two orthogonal pentaflourinated phenyl ring, with the N+ nitrogen 
of one pyridinium ring, and one oxygen of a water molecule. Hydrogen bonds between one water molecule 
(disordered over two positions) and one CO axial ligand of the Ru(II)(CO)-porphyrin metal center are also 
highlighted (hydrogens omitted for clarity) (left). ORTEP representation of the asymmetric unit (50% probability 
ellipsoids, hydrogens not shown); two molecules of acetone and one disordered water have been modeled in the 
crystal voids (right). 
 
Another polymorphic crystalline form of [py1][Ru(CO)(FTPP)][PF6] has been identified during crystals 
screening. These crystals grown as thinner red plates from the n-hexane/acetone mixtures and showed 
a bigger orthorombic Pca21 unit cell. The volume of the cell is three times larger than that found for the 
other polymorph described above, and contains three independent complexes in the asymmetric unit 
(Figure 2.20). The shortest PF6
- F···N+ distance is found to be of 3.07(2) Å. The crystal packing appears 
also different, with close contacts among adjacent complex molecules and smaller cavities surrounding 
the pyridylpyridinium moieties, in which only five well defined acetones molecules have been identified. 
Furthermore, large channels, aligned with crystallographic a axis are filled with disordered solvent. One 
complex molecule in the ASU shows some torsional flexibility of the pyridyl group bound to ruthenium, 
that needed to be modeled into two equally populated alternative conformations. 
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Figure 2.20. X-ray structure of [py1][Ru(CO)FTPP][PF6], second crystalline polymorph: Stick representation of the 
head-to-tail disposition of the three [py1][Ru(CO)FTPP]+ found in the asymmetric units (top); ORTEP representation 
of the asymmetric unit (50% probability ellipsoids, hydrogens not shown) (bottom). 
 
For the larger [py4][Ru(CO)OEP]4[PF6]4 system, despite the big number of crystallization conditions 
explored, only ͞fishtail-like͟ aggregated crystals were isolated, with poor diffraction limits (ca. 1.1 Å 
resolution), corresponding to a limited order in the solid state. Some small fragments have been 
successfully used for the structural characterization of [py4][Ru(CO)FTPP]4[PF6]4. In fact for this latter 
systems suitable single-crystals were isolated  presenting a monoclinic C2/c unit cell. The presence of 
only loose contacts in the crystal packing and large void channels is consistent with the poor diffracting 
power of these crystals (R ca. 1.1 Å). This resolution limit imposed the use of extensive restrains on the 
disordered fragments. Only one-half of the tetrameric complex is crystallographically independent 
(Figure 2.21), with the full [py4][Ru(CO)(FTPP)]4[PF6]4 system generated by a two-fold proper rotation 
axis bisecting the central sp3 carbon of the [py4]+ scaffold (Figure 2.22). The central tetrahedral [py4]+ 
scaffold presents a distorted structure, compressed on two sides (Figure 2.22, top) with the closer and 
the wider apart pyridylpyridinium arms defining, respectively, ca. 85° and 126° angles. As a result, the 
four peripheral Ru(II)(CO)-porphyrin units are disposed at the vertexes of a large tetrahedron with sides 
of unequal lengths, (24.2 Å is the expected for the Ru···Ru distance in an ideal tetrahedron with internal 
angles of 109.47°) (Figure 2.22). A total of two ordered PF6
 anions can be localized in between the 
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closer arms, with the shortest F···N+ distance being of 3.83 Å, while two heavily disordered anions are 
found in between the opened arms space (each of these moieties has been modeled in four equally 
populated positions; Figure 2.21, bottom). The crystal packing present small cavities, containing two 
well-ordered n-hexane and one acetone molecules, and larger voids containing a severely disordered 
solvent content (in this region only one n-hexane molecule with 50% occupancy could be modeled). 
During screening of various batch of crystals, a different crystalline polymorph was found for 
[py4][Ru(CO)FTPP]4[PF6]4 with a bigger body centered tetragonal symmetry (a = b = 69.9 Å, c = 15.0 Å,  
=  =  = 90°), and an undistinguishable crystals habit; this crystal form diffracted only up to ca. 1.5 Å and 
was not been characterized. Interestingly the distorted tetrahedral geometry found for the central 
scaffold of [py4][Ru(CO)(FTPP)]4[PF6]4 in the solid state does not find any correspondence in the 
structural features derived for the same assembly in solution by NMR analysis, from which the 
formation of a highly symmetrical assembly was evident. The severe distortions found in the crystals can 
be most likely ascribed to the an averaged contribution of intra- and inter-molecular charge repulsions. 
Finally, an approximate crystallographic radius rXRD of ca. 16 Å can be calculated  for 
[py4][Ru(CO)(FTPP)]4[PF6]4, by considering the external oxygen atoms of the –CO moieties as positioned 
in an ideal sphere surface. The corresponding hydrodynamic radius in solution, derived from the 1H 
DOSY analysis (rH = 12.8 Å, see Table 2.3), has a value of about the 80% of the crystallographic one, in 
line with the indications reported in the literature.30 
  
Figure 2.21. X-ray structure of [py4][Ru(CO)(FTPP)]4[PF6]4: ORTEP representation of the asymmetric unit (50% 
probability ellipsoids, hydrogens not shown). One acetone and 2.5 n-hexane molecules have been modeled in the 
crystal voids (top). Stick representation of the central [py4][PF6]4 scaffold, with the two disordered external PF6
− 
anions each modeled in four equally populated positions (bottom). 
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Figure 2.22. X-ray structure of [py4][Ru(CO)FTPP]4[PF6]4: Stick representation of a side-view along the two-fold 
proper rotation axis bisecting the central sp3 carbon of the [py4]+ scaffold (left); Stick representation showing the 
distortion from the ideal tetrahedral geometry found in the solid-state, 
 and three of the Ru···Ru distances found (right). 
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2.5 Electrochemical and Photophysical Characterization 
A preliminary electrochemical and photophysical investigation was performed on 
[py4][Ru(CO)FTPP]4[PF6]4, also in comparison with the model [py1][Ru(CO)FTPP][PF6], and the building 
units [py4][PF6]4, Ru(CO)FTPP, and [py1][PF6].   
The electrochemical data are summarized in Table 2.5. A discrepancy on the solvent choice for the 
electrochemical measurements was unavoidable for the following reasons: i. acetonitrile has to be 
strictly bypassed for the assembled [py1][Ru(CO)FTPP][PF6] and [py4][Ru(CO)FTPP]4[PF6]4 systems, being 
a competitive coordinating solvent, and ii. [py1][PF6] and [py4][PF6]4 are insoluble in dichloromethane. 
Therefore, comparisons between the data has to be taken with some caution. The cyclic 
voltammograms of [py1][PF6] and [py4][PF6]4 (acetonitrile solutions, Figure 2.A.25) are very similar to 
those already reported for the corresponding chlorinated analogues in water/NaCl 0.1 M solutions,20 
with a reversible reduction process for [py1]+ found at E1/2 = 0.78 V vs. SCE, and one irreversible (and 
compatible with the exchange of four electrons) reduction process for [py4]4+ found at E1/2 = 0.72 V vs. 
SCE. The CV of Ru(CO)FTPP (DCM solution, Figure 2.A.25) presents instead an oxidative reversible 
process at E1/2 = +1.30 V vs. SCE, while the CVs of both [py1][Ru(CO)FTPP][PF6] and 
[py4][Ru(CO)FTPP]4[PF6]4 (DCM, Figure 2.A.26) are substantially comparable, with a positive shift 
observed for the reduction processes, and almost insignificant perturbations detected for the oxidative 
processes (Table 2.5).  
Table 2.5. Summary of the E1/2 values derived from the CV experiments. 
compound E1/2 (V vs. SCE) red E1/2 (V vs. SCE) ox 
a[py1][PF6] −0.78 − 
b[py4][PF6]4 −0.72 − 
cRu(CO)FTPP − +1.30 
c[py1][Ru(CO)FTPP][PF6] −0.55 +1.33 
d[py4][Ru(CO)FTPP]4[PF6]4 −0.65 +1.39 
a0.1 M TBAPF6¯ in CH3CN, scan rate 0.5 V/s; 
b0.05 M TBAPF6¯ in CH3CN, scan rate 0.2 V/s; 
 c0.05 M TBAPF6¯ in DCM, scan rate 0.2 V/s; 
d0.03 M TBAPF6¯ in DCM, scan rate 0.2 V/s. 
Ferrocene internal standard, working electrode glassy carbon (0.08 cm2),  
counter electrode Pt spiral, reference electrode SCE. 
 
 The Ru(CO)FTPP  phosphorescence spectrum (in carefully deaerated acetone solutions) presents an 
eŵissioŶ ďaŶd ǁith ʄmax = 675 nm, corresponding to the deactivation to the ground state of the triplet 
excited state (T1) of the metallo-porphyrin (T1 lifetime, τ = ϭϰ ʅs). For the assembled system 
[py4][Ru(CO)FTPP]4[PF6]4, in the same conditions, a complete quenching of the porphyrin emission was 
observed (Figure 2.23, left). The same behavior was also detected when comparing the 
phosphorescence emission of Ru(CO)FTPP to that of [py1][Ru(CO)FTPP][PF6] (Figure 2.A.24). It must be 
noted that the excitation wavelength (ʄexc = 535 nm) was carefully chosen as it corresponds to an 
isosbestic point in the UV-Vis absorption titration (see above), thus allowing the direct comparison of 
the emission and life-time data. An energy level diagram for [py4][Ru(CO)FTPP]4[PF6]4 was built from the 
appropriate spectroscopical and electrochemical data, and in particular the energies of the S1 for 
[py4][PF6]4 and of the S1 and T1 excited states for Ru(CO)FTPP (at E = 2.67 eV, E = 2.36 eV and E = 1.84 
eV, respectively) were calculated from the position of the emission bands. In parallel, it was possible to 
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estimate the energy of the [py4][Ru(CO)FTPP+]4 Charge-Separated-State (CT, E = 1.80 eV), in which the 
central scaffold is fully reduced and the four peripheral Ru(CO)FTPP are oxidized, as the sum of the 
energy required for the four-electron reduction of the scaffold and that required for the mono-oxidation 
of the four peripheral metallo-porphyrin. From the diagram, it is possible to notice that this CT is slightly 
lower in energy as compared to the metallo-porphyrin T1. Therefore, access to this inter-component CT 
from the T1, populated by visible irradiation of the peripheral Ru(CO)FTPP components, should be a 
slightly exergonic process.  
 
Figure 2.23. Phosphorescence emission (deaerated solutions, ʄexc = 535 nm and delay time of 0.01 ms) of 
Ru(CO)FTPP (red,  DCM, 3.78 x 10-5 M) and [py4][Ru(CO)FTPP]4[PF6]4 (in blue, 2.5 equivalents of [py4][PF6]4 added 
from an acetone solution of this species) (left); Energy diagram for [py4][Ru(CO)FTPP]4[PF6]4 (right). 
Preliminary attempts, aimed at identifying this CT state by time-resolved ultra-fast spectroscopy, failed 
so far. Still, a credible proof of the population of this state, as the responsible mechanism for the 
phosphorescence emission quenching, was inferred from emission measurements performed at 77 K, 
for Ru(CO)TPP, [py4][Ru(CO)FTPP]4[PF6], and [py1][Ru(CO)FTPP][PF6]. In fact, at this temperature, the 
rigidochromic effect of the solvent provokes a rising in energy of the charge transfer state level, which 
becomes less energetically favored in these conditions. Indeed, the comparisons of the 
phosphorescence emission spectra of Ru(CO)TPP and [py4][Ru(CO)FTPP]4[PF6] (Figure 2.24, left), or 
Ru(CO)TPP  and [py1][Ru(CO)FTPP][PF6] (Figure 2.24, right), at 77K both shows only a very weak 
quenching of the emission for the Ru(II)(CO)-porphyrin components, within [py4][Ru(CO)FTPP]4[PF6] or 
[py1][Ru(CO)FTPP][PF6].  
Figure 2.24. Phosphorescence emission (DCM/acetone, 77 K, ʄexc = 535 nm, delay time 0.01 ms) of Ru(CO)FTPP in 
DCM (red, 3.78 x 10-5 M) and [py4][Ru(CO)FTPP]4[PF6]4 (blue, 2.5 eq of [py4][PF6]4 added from an acetone solution 
of this species, left) or [py1][Ru(CO)FTPP]4[PF6]4 (blue, 10 eq of [py1][PF6] added from an acetone solution, right). 
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Excited state lifetimes were calculated from the kinetic analysis of the decay of the phosphorescence 
maximum at 675 nm (ʄexc = 535 nm), obtaining values of τ = ϭϬ ʅs for Ru;COͿFTPP, τ = ϴϰ ʅs for 
[py4][Ru(CO)FTPP]4[PF6], and τ = ϳϰ ʅs for [py1][Ru(CO)FTPP][PF6]. These data unequivocally ruled out 
the possibility of the strong residual emission, observed at 77K, being ascribable to an excess of 
uncoordinated Ru(II)(CO)-porphyrin in the [py4][Ru(CO)FTPP]4[PF6] or [py1][Ru(CO)FTPP][PF6] samples. 
Therefore, it is possible to quite confidently conclude that the quenching of the porphyrin emission is 
due to the population of the aforementioned CT state. 
 
 
2.6 Conclusions and future perspectives 
It has been nicely proved that by the non-covalent metal-mediated approach it is possible to efficiently 
prepare large assemblies in which four metallo-porphyrins are pin-pointed in a defined and rigid 
tetrahedral 3D geometry around a central dendritic tetra-cationic organic scaffold. The unique 
luminescence properties of the central unit, together with the valuable photophysical properties of the 
peripheral Ru(II)(CO)-porphyrin components, pave the way towards the employment the viologen-based 
organic scaffold as an effective building-block for the preparation of artificial photosynthetic systems. 
Indeed, at least [py4][Ru(CO)FTPP]4[PF6]4 demonstrated to function firstly as collector of visible light 
(through the external shell of Ru(II)(CO)-porphyrins), and secondly as converter of the light energy into a 
potentially useful charged-separated state (by a four-electron transfer process from the excited 
Ru(II)(CO)-porphyrins to the central electron-deficient core).  
Further improvements and implementations of the described systems may be envisaged. First of all, 
appropriate changes in the peripheral substituents of the porphyrin core and/or in the nature of the 
metal center, should result in the fine-tuning of the photophysical and electronic properties of the 
chromophore units, aimed at achieving a more thermodynamically favored electron transfer process, 
and possibly increase the lifetime of the photogenerated charge separated state. Also, valuable use of 
the generated photo-electrons may be sought by introducing additional active partners, for examples by 
means of exchange between the PF6
 anions with redox active anionic metal complexes. From a design 
and structural point of view, increasing of the complexity may be reached  by changing the central unit, 
with a dendritic core bearing a larger numbers of pin-pointing arms.33 Finally, it has been assessed that 
the solubility of at least the scaffold can be modified by changing the nature of the counterions, and that 
the porphyrin peripheral substituents do also have a remarkable influence in this regard, so these two 
aspects can be addressed to obtain water-soluble systems, which is currently one of the main goals in 
the artificial photosynthesis research. 
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2.7 Experimental Section 
Materials and Methods 
Materials. All the solvents used in the photophysical experiments were of spectroscopic grade quality 
while all  the other solvents were of reagent grade quality and used as received. Deuterated solvents 
were purchased from Cambridge Isotope Laboratories (CIL). Commercial activated neutral Al2O3, 
2,3,7,8,12,13,17,18-Octaethyl-21H,23H-porphyrin (Sigma-Aldrich), and 5,10,15,20-Tetrakis 
(pentafluorophenyl)porphyrin (Alfa-Aesar) were used as received;  Ru3(CO)12 (Sigma-Aldrich) was 
recrystallized from hot distilled acetone under Ar atmosphere, prior to use. [py1][PF6],
34 [py4][PF6]4,
20 
and Ru(CO)OEP21 were synthesized following literature procedures; characterization is provided below. 
NMR. All spectra were recorded on a Varian 500  spectrometer at room temperature, operating at 500 
MHz for 1H, at 125 MHz for 13C, at 202 MHz for 31P and at 470.12 for 19F. 1H  and 13C chemical shifts were 
referenced to the peak of residual non-deuterated solǀeŶt ;ɷ = 2.05 ppm and 29.84 ppm for acetone-d6) 
31P and 19F chemical shifts were referenced, respectively, to the internal standards H3PO4 at 0.00 ppm 
and CFCl3 at 0.00 ppm. HOESY experiments were run for 24 h with 500 ms mixing time. 
1H-DOSY 
experiments were run at controlled temperature using the Bipolar Pulse Paired Stimulated Echo 
sequence27 with convection compensation of Varian VnmrJ 3.2 software, ɷ = Ϯ ŵs, G = 1130 – 28261 G 
cm-1, aŶd ǀariaďle Δ. 19F-DOSY experiments were run using the Doneshot sequence31 without convection 
compensation of Varian VnmrJ 3.2 software, ɷ = Ϯ ŵs, G = 900 – 15000 G cm-1, aŶd ǀariaďle Δ. 
Processing was done with MestReNova© software.28 Multiplicity of the signals is addressed as follows: s 
= singlet, d = doublet, t = triplet, q = quartet, qt = quintuplet, sx = sextet, sept = septuplet, m = multiplet, 
br = broad.  
Mass Spectrometry. Electrospray Ionization (ESI) measurements were performed on a Perkin Elmer APII 
at 5600 eV by Dr. Fabio Hollan, Department of Chemical and Pharmaceutical Sciences, University of 
Trieste, Italy. 
 
Phtotophysical measurements. Photophysical experiments have been performed in dichloromethane 
Uvasol® air-equilibrated solution in quartz cuvette (optical pathlength 1 cm). All absorption spectra were 
recorded with a UV/VIS spectrophotometer Perkin Elmer Lambda 650. Phosphorescence emission 
spectra of deoxygenate solution (five cycles of freeze-pump) were recorded with Perkin Elmer LS 50 
spectrofluorimeter equipped with Hamamatsu R928 photomultiplier. Fluorescence lifetime 
measurements were performed using an Edinburgh FLS920 spectrofluorimeter equipped with a TCC900 
card for data acquisition in time-correlated single-photon counting experiments (0.5 ns time resolution) 
with a D2 lamp and a LDH-P-C-405 pulsed diode laser. Global fitting of absorption and emission spectra 
has been performed by Specfit software.32 The estimated experimental errors are: 2 nm on the band 
maximum, 5% on the molar absorption coefficient, emission intensity, fluorescence lifetime and log K 
values, 10% on the fluorescence quantum yield. 
 
Electrochemical measurements. The electrochemical experiments were carried out in argon-purged 
dichloromethane (Hi-Dry anhydrous solvent) solution at 298 K. In the CV the working electrode was a 
glassy carbon electrode (0.08 cm2), the counter electrode was a Pt spiral. The potentials reported are 
referred to SCE and Ferrocene was used as standard. The concentration of the compounds examined 
was of the order of 5x10-4 M; tetrabutylammonium hexafluorophosphate (TBAPF6ˉͿ Ϭ.ϬϱM ǁas added as 
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supporting electrolyte. Cyclic voltammograms were obtained with scan rates in the range 0.01–1 V s-1. 
The estimated experimental error on the E1/2 value is ± 10 mV. 
 
X-ray analysis. Data collections were performed at the X-ray diffraction beamline (XRD1) of the Elettra 
Synchrotron, Trieste (Italy).35 Complete datasets were collected at 100 K (nitrogen stream supplied 
through an Oxford Cryostream 700) with a monochromatic wavelength of 0.700 Å through the rotating 
crystal method. Images were acquired using a Pilatus 2M image plate detector. Crystals of  
[py1][Ru(CO)FTPP][PF6], [py1][Ru(CO)OEP][PF6], and [py4][Ru(CO)FTPP]4[PF6]4 were dipped in N-
paratone, free-dried in liquid N2 and mounted on the goniometer head with a nylon loop, under a cool 
stream of N2. The diffraction data were indexed, integrated and scaled using XDS.
36 The structures were 
solved by direct methods using SIR201437 and/or the dual space algorithm implemented in the SHELXT 
code.38 Fourier analysis and refinement were performed by the full-matrix least-squares methods based 
on F2 implemented in SHELXL-2014.39 The Coot program was used for modeling.40 Anisotropic thermal 
motion modeling was applied to atoms with occupancy greater than 40%. Restrains on bond lengths, 
angles and thermal motion parameters (DFIX, DANG, SIMU and DELU) have been applied on disordered 
and poorly defined fragments, PF6− anions and solvent molecules. Hydrogen atoms were included at 
calculated positions with isotropic Ufactors = 1.2 Ueq or Ufactors = 1.5 Ueq for methyl and hydroxyl groups, 
respectively (Ueq being the equivalent isotropic thermal factor of the bonded non hydrogen atom). 
Images were created using either ORTEP-341 or Pymol42 software. Essential crystal and refinement data 
(Table 2.A.1 and 2.A.2) are reported below. 
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Synthesis and Characterization 
 
[py1][PF6] (N-phenyl-ϰ,ϰ’-bipyridinium). 1H-NMR (500 MHz, acetone-d6, ɷ, ppŵͿ: ϵ.ϱϰ ;d, J3 = 7.0 Hz, 2H, 
py4), 8.92 (dd, J3= 4.4 Hz, J4 = 1.7 Hz, 2H, py1), 8.86 (d, J3 = 7.0 Hz, 2H, py3), 8.09 (dd,  J3= 4.4 Hz, J4 = 1.7 
Hz, 2H, py2), 8.02 (dd , J3= 5.9 Hz, J4 = 3.8 Hz, 2H, oH), 7.83 (m, 3H, mH+pH). 
13C-NMR (HSQC, 125 MHz, 
acetone- d6, ɷ, ppŵ): 151.27 (py1), 145.38 (py4), 131.63-130.46 (mH +pH), 125.87 (py3), 124.52 (oH), 
121.75 (py2). 19F-NMR (470.12 MHz, acetone-d6, ɷ, ppŵͿ: -72.70 (d, J2 = 707.3 Hz, 6F, PF6). 31P-NMR (202 
MHz, acetone- d6, ɷ, ppm): -144.38 (sep, J2 = 707.3 Hz, PF6).  
[py4][PF6]4. 
1H-NMR (500 MHz, acetone- d6, ɷ, ppŵͿ: ϵ.ϱϬ ;d, J3 = 7.1 Hz, 8H, py4), 8.92 (dd, ,  J3= 4.5 Hz, 
J4 = 1.7 Hz, 8H, py1), 8.86 (d, J3 = 7.1 Hz, 8H, py3), 8.13 (d, J3 = 8.9 Hz, 8H, oH), 8.08 (dd, ,  J3= 4.5 Hz, J4 = 
1.7 Hz, 8H, py2), 7.96 (d, J3 = 8.9 Hz, 8H, mH). 
13C-NMR (125 MHz, acetone- d6, ɷ, ppŵ): 156.07, 152.29 
(py1), 149.52, 146.18 (py4), 142.34, 141.84, 133.55 (mH), 126.96 (py3), 125.80 (oH), 122.77 (py2), -5.81 
(C-sp3). 19F-NMR (470.12 MHz, acetone-d6, ɷ, ppŵͿ: -72.38 (d, JFP = 708.5 Hz, 24F, PF6). 31P-NMR (202 
MHz, acetone-d6, ɷ, ppm): -144.60 (sep, JFP = 708.5 Hz, PF6). 
Ru(CO)OEP. 1H-NMR (500 MHz, acetone-d6, ɷ, ppŵͿ: ϭϬ.Ϭϰ ;s, ϰH, Hmeso), 4.07 (m, 16H, CH2), 1.92 (t, J3 = 
7.7 Hz, 24H, CH3). UV-Vis ;DCM, ʄ, ŶŵͿ: ϯϴϮ ;ɸ = ϮϬϬ x 103 M-1cm-1Ϳ, ϱϰϳ ;ɸ = Ϯϳ.Ϯ x 103 M-1cm-1). 
Ru(CO)FTPP. 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin (40 mg, 0.04 mmol) and Ru3(CO)12 (50 
mg, 0.08 mmol) were dissolved in 20 ml of 1,2,4-trichlorobenzene (TCB). The mixture was maintained at 
200 °C under Ar for 12 hours. After cooling at room temperature, 15 ml of petroleum ether were added 
and the resulting solution was passed through a neutral alumina chromatography column. The column 
was eluted first with n-hexane followed by chloroform/n-hexane: = 40/60,  in order to eliminate TCB, 
recover the unreacted Ru3(CO)12 cluster and the unreacted free-base FTPP; final elution with pure CHCl3 
(or CHCl3/EtOH 98/2 mixtures) afforded the desired product.  After solvent evaporation, a bright orange 
solid is obtained. Yield: 36 mg (78%). 1H-NMR (500 MHz, acetone-d6, ɷ, ppŵͿ: ϵ.Ϭϲ ;s, ϴH, HβͿ. 19F-NMR 
(470.12 MHz, acetone-d6, ɷ, ppm): -139.91 (dd, J3 = 23.7 Hz , J4 = 7.0 Hz, 4F, oFout) -140.42 (dd, J3 = 23.2 
Hz , J4 = 7.0 Hz, 4F, oFin) -156.21 (t, J3 = 20.3 Hz, 4F, pF) -164.82 (td, J3 = 23.4 Hz , J4 = 8.1 Hz, 4F, mFout) -
165.06 (td, J3 = 23.4 Hz , J4 = 8.2 Hz, 4F, mFin). UV-Vis ;DCM, ʄ, ŶŵͿ: ϰϬϯ ;ɸ = ϯ37 x 103 M-1cm-1Ϳ, ϱϮϱ ;ɸ = 
18.8 x 103 M-1cm-1). 
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[py1][Ru(CO)OEP][PF6]. In a 5 mm NMR tube, 1.7 mg of [py1][PF6] (0.004 mmol) were dissolved in 0.65 
ml of acetone-d6. Small quantities of Ru(CO)OEP were subsequently added till the total consumption of 
[py1][PF6] was ascertained by 
1H-NMR experiments. The solution was then transferred in a 20 ml Pyrex 
tube and a layer of n-hexane was to induce precipitation by slow diffusion. The red crystalline product 
thus formed was filtered, washed with n-hexane and cool diethyl ether, and dried under vacuum. Yield: 
4.23 mg (91%). Alternatively, the product can be isolated, in a similar yields, from reaction of 6.5 mg of 
[py1][PF6] (0.018 mmol) and 13.2 mg of Ru(CO)OEP (0.02 mmol), dissolved in 5 ml of acetone, followed 
by addition of n-hexane after 30 min. 1H-NMR (500 MHz, acetone-d6, ɷ, ppŵͿ: ϭϬ.Ϭϱ ;s, ϰH, Hmeso), 8.98 
(d, J3 = 6.8 Hz, 2H, py4), 7.70 (d, J3 = 6.8 Hz, 2H, py3), 7.62 (m, 5H, oH+mH+pH), 5.82 (d, J3 = 6.3 Hz, 2H, 
py2), 4.08 (m, 8H, CH2), 1.93 (t, J3 = 7.6 Hz, 12H, CH3), 1.18 (d, J3 = 6.3 Hz, 2H, py1). 
13C-NMR (HSQC, 125 
MHz, acetone-d6, ɷ, ppŵ): 145.05 (py1), 144.55 (py4), 131.52 – 130.26 (mH+pH), 125.16 (py3), 124.19 
(oH), 119.45 (py2), 98.10 (Hmeso), 19.14 (CH2), 17.91 (CH3). Single crystals suitable for X-Ray analysis 
were obtained from acetone/n-hexane solutions, as deep purple needles. Complete dataset was 
obtained by merging two data collections obtained from two different orientations of the same crystal, 
see also Table 2.A.2. 
 
[py4][Ru(CO)OEP]4[PF6]4. In a 5 mm NMR tube, 2.3 mg of [py4][PF6]4 (0.0015 mmol) were  dissolved in 
0.65 ml of acetone-d6. Small quantities of Ru(CO)OEP were subsequently added till the total 
consumption of [py4][PF6]4 was ascertained by 
1H-NMR experiments. The solution was then transferred 
in a 20 ml Pyrex tube and a layer of n-hexane was slowly added to induce precipitation by slow diffusion. 
The product was filtered, washed with n-hexane and cool diethyl ether, and dried under vacuum. Yield 
5.1 mg (81%). Alternatively, the product can be isolated, in a similar yields, from reaction of 4.2 mg of 
[py4][PF6]4 (0.003 mmol) and 2.0 mg of Ru(CO)OEP (0.003 mmol), dissolved in 5 ml of acetone, followed 
by addition of n-hexane after 30 min. 1H-NMR (500 MHz, acetone-d6, ɷ, ppŵͿ: ϵ.ϵϵ ;s, ϭϲH, Hmeso), 8.66 
(d, J3 = 6.6 Hz, 8H, py4), 7.49 (d, J3 = 6.6 Hz, 8H, py3), 7.38 (d, J3= 8.8 Hz, 8H, oH), 7.25 (d, J3 = 8.7 Hz, 8H, 
mH), 5.68 (d, J3 = 6.7 Hz, 8H, py2), 4.02 (m, 64H, CH2), 1.88 (t, J3 = 7.5 Hz, 96H, CH3), 1.08 (d, J3 = 6.7 Hz, 
8H, py1). 13C-NMR (HSQC, 125 MHz, acetone- d6, ɷ, ppŵ): 145.05 (py1), 144.15 (py4), 131.92 (mH), 
124.99 (py3), 124.08 (oH), 119.31 (py2), 98.04 (Hmeso), 19.10 (CH2), 17.86 (CH3).  
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[py1][Ru(CO)FTPP][PF6]. In a 5 mm NMR tube, 2.1 mg of [py1][PF6] (0.005 mmol) were dissolved in 0.65 
ml of acetone-d6. Small quantities of Ru(CO)FTPP were subsequently added till the total consumption of 
[py1][PF6] was ascertained by 
1H-NMR experiments. The solution was then transferred in a 20 ml Pyrex 
tube and a layer of n-hexane was slowly added to induce precipitation by slow diffusion. The crystalline 
red product was filtered, washed with n-hexane and cool diethyl ether, and dried under vacuum. Yield 
7.2 mg (88%). Alternatively, the product can be isolated, in a similar yields, from reaction of 3.5 mg of 
[py1][PF6] (0.01 mmol) and 11.8 mg of Ru(CO)FTPP (0.02 mmol), dissolved in 8 ml of acetone, followed 
by addition of n-hexane after 30 min. 1H-NMR (500 MHz, acetone-d6, ɷ, ppŵͿ: ϵ.ϭϮ ;d, J3 = 7.3 Hz, 2H, 
pǇϰͿ, ϵ.Ϭϵ ;s, ϴH, HβͿ, ϳ.ϵϴ ;d, J3 = 7.3 Hz, 2H, py3), 7.52 (m, 5H, oH+mH+pH), 6.23 (d, J3 = 7.0 Hz, 2H, 
py2), 1.74 (d, J3 = 7.0 Hz, 2H, py1). 
13C-NMR (HSQC, 125 MHz, acetone- d6, ɷ, ppŵ): 144.50 (py1), 144.12 
(py4), 132.10 (Hβ), 131.85 – 130.26 (mH+pH), 124.55 (py3), 123.98 (oH), 119.81 (py2).  19F-NMR (470.12 
MHz, acetone-d6, ɷ, ppŵͿ: -72.70 (d, JFP = 707.3 Hz, 6F, PF6) -139.78 (dd, J3 = 24.1 Hz, J4 = 7.5 Hz, 8F, 
oFout) -140.73 (dd, J3 = 24.0 Hz, J4 = 7.5 Hz, 8F, oFin) -155.96 (t, J3 = 20.4 Hz, 86F, pF) -164.45 (td, J3 = 21.7 
Hz, J4 = 7.8 Hz, 8F, mFout) -165.13 (td, J3 = 21.7 Hz, J4 = 7.8 Hz, 8F, mFin). UV-Vis (acetone, ʄ, ŶŵͿ: 402 ;ɸ = 
309 x 103 M-1cm-1), 525 ;ɸ = 16 x 103 M-1cm-1). Single crystals suitable for X-Ray diffraction were obtained 
from acetone/n-hexane solutions as bright orange needles or thin plates. In the reduction of the data 
set collected for the second polymorph, the contribution of disordered solvent regions to the scattering 
was estimated as ca. 29% of the unit cell volume and was removed with the SQUEEZE routine of 
PLATON.43 Therefore, the formula mass and unit-cell characteristics reported in Table 2.A.1 for this 
system do not take into account the solvent. Semi-empirical absorption correction and scaling was 
performed on this dataset, exploiting multiple measures of symmetry-related reflections, with the 
SADABS program.44 
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[py4][Ru(CO)FTPP]4[PF6]4. In a 5 mm NMR tube, 1.9 mg of [py4][PF6]4 (0.0013 mmol) were dissolved in 
0.65 ml of acetone-d6. Small quantities of Ru(CO)FTPP were subsequently and the consumption of 
[py4][PF6]4 was monitored after each addition by 
1H-NMR experiments, until the proton resonances of 
free [py4][PF6]4 were no longer detectable. The solution was then transferred in a 20 ml Pyrex tube and  
a layer of n-hexane was slowly added to induce precipitation by slow diffusion. The red crystalline 
product was filtered, washed with n-hexane and cool diethyl ether, and dried under vacuum. Yield 6.8 
mg (92%). Alternatively, the product can be isolated, in a similar yields, from reaction of 4.3 mg of 
[py4][PF6]4 (0.003 mmol) and 3.3 mg of Ru(CO)FTPP (0.003 mmol), dissolved in 5 ml of acetone, followed 
by and addition of n-hexane after 30 min. 1H-NMR (500 MHz, acetone-d6, ɷ, ppŵͿ: ϵ.Ϭϰ ;s, ϯϮH, HβͿ, ϴ.ϴϬ 
(d, J3 = 7.1 Hz, 8H, py4), 7.78 (d, J3 = 7.1 Hz, 8H, py3), 7.47 (d, J3 = 8.9 Hz, 8H, oH), 7.35 (d, J3 = 8.9 Hz, 8H, 
mH), 6.11 (d, J3 = 6.9 Hz, 8H, py2), 1.66 (d, J3 = 7.0 Hz, 8H, py1). 
13C-NMR (HSQC, 125 MHz, acetone- d6, ɷ, 
ppm): 144.50 (py1), 144.42 (py4), 132.80 (Hβ), 131.95 (mH), 125.25 (py3), 124.20 (oH), 120.41 (py2). 19F-
NMR (470.12 MHz, acetone-d6, ɷ, ppŵͿ: -72.64 (d, JFP = 708.5 Hz, 24F, PF6) -139.81 (dd, J3 = 23.5 Hz, J4 = 
6.7 Hz,  16F, oFout) -140.70 (dd, J3 = 23.8 Hz, J4 = 6.7 Hz, 16F, oFin) -156.02 (t, J3 = 20.6 Hz, 16F, pF) -164.50 
(td, J3 = 23.4 Hz, J4 = 8.0 Hz, 16F, mFout) -165.17 (td, J3 = 23.6 Hz, J4 = 8.0 Hz, 16F, mFin). UV-Vis (acetone, 
ʄ, ŶŵͿ: 403 ;ɸ = 232 x 103 M-1cm-1), 525 ;ɸ = 17 x 103 M-1cm-1). Single crystals suitable for X-Ray 
diffraction were obtained from acetone/n-hexane solutions and appeared as small, bright orange plates 
prone to radiation damage. A complete dataset could be obtained only merging two data collections 
obtained from two different crystals. The disordered solvent density (estimated as ca. 21 % of the unit 
cell volume) was removed with the SQUEEZE routine of PLATON.43 The formula mass and unit-cell 
parameters reported in Table 2.A.2 for this system do not take into account the disordered solvent. 
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2.8 Appendix 
NMR spectra 
 
  
Figure 2.A.1. 2D spectra (acetone-d6, 500 MHz) of [py1][PF6]: HH-COSY (top) and HSQC (bottom). 
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Figure 2.A.2. 2D spectra (acetone-d6, 500 MHz) of [py4][PF6]4: HH-COSY (top) and HSQC (bottom), 
13C-NMR 
(acetone-d6, 125 MHz) provided on the vertical dimension. 
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Figure 2.A.3. 1H-NMR spectra (acetone-d6, 500 MHz) of [py1][PF6] (a),  
Ru(CO)OEP (b) and [py1][Ru(CO)OEP][PF6] (c).  
 
 
 
 
Figure 2.A.4. 1H-NMR spectra (acetone-d6, 500 MHz) of [py4][PF6]4 (a), and [py4][Ru(CO)OEP]4[PF6]4 (b). 
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Figure 2.A.5. 2D spectra (acetone-d6, 500 MHz) of [py1][Ru(CO)OEP][PF6]: HH-COSY (top) and HSQC (bottom), 
cross-peaks with Csp2 and Csp3 carbons are phased in two different colors. 
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Figure 2.A.6. 19F-NMR spectra (acetone-d6, 470.12 MHz) of Ru(CO)FTPP (a),  
and [py1][Ru(CO)FTPP][PF6] (b). 
 
 Figure 2.A.7. 2D FF-COSY (acetone-d6, 470.12 MHz) of [py4][Ru(CO)OEP]4[PF6]4. 
a 
b 
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1
H NMR titration of [py1][PF6] with Ru(CO)OEP 
 
 
 
 
Figure 2.A.8. 1H-NMR titration (acetone-d6, 500 MHz) of [py1][PF6] with Ru(CO)OEP.  
The decreasing and  increasing of one selected proton signal for free [py1][PF6] and [py1][Ru(CO)OEP][PF6] are 
indicated, respectively, with the A and the B arrows. 
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1
H and 
19
F DOSY experiments 
 
Figure 2.A.9. 2D 1H-DOSY spectra (Bayesian transform, acetone-d6, ϱϬϬ MHz, Δ = ϯϬ ŵsͿ of [pǇϭ][PF6] (top); signal 
decay with monoexponential fitting, analysis performed on each proton resonance – data are superimposable 
(bottom, left); linearization of the decay and extrapolation of Dt as the slope of the regression line (bottom, right). 
Experimental data and fitting curves are represented, respectively, with circles and continuous lines. 
 
slope = 1.98 x 10-5  
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Figure 2.A.10. 2D 1H-DOSY spectra (Bayesian transform, acetone-d6, ϱϬϬ MHz, Δ = ϭϬϬ ŵsͿ of Ru;COͿOEP ;topͿ; 
signal decay with monoexponential fitting, analysis performed on each proton resonance (bottom, left); 
linearization of the decay and extrapolation of Dt as the slope of the average regression line (bottom, right). 
Experimental data and fitting curves are represented, respectively, with circles and continuous lines. Note: a 
smaller diffusion delay (e.g. Δ = ϱϬ ŵsͿ ǁould haǀe ďeeŶ a more appropriate choice.  
 
CH3  
CH2 
Hmeso 
CH3  
CH2 
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slope = 1.46 x 10-5  
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Figure 2.A.11. 2D 1H-DOSY spectra (Bayesian transform, acetone-d6, ϱϬϬ MHz, Δ = ϱϬ ŵs) of Ru(CO)FTPP (top); 
signal decay with monoexponential fitting (bottom, left); linearization of the decay and extrapolation of Dt as the 
slope of the regression line (bottom, right). Experimental data and fitting curves are represented, respectively, 
with circles and continuous lines. 
  
slope = 1.25 x 10-5  
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Figure 2.A.12. 2D 1H-DOSY spectra (Bayesian transform, acetone-d6, ϱϬϬ MHz, Δ = ϱϬ ŵsͿ of [pǇϭ][Ru;COͿOEP][PF6] 
(top); signal decay with monoexponential fitting, analysis performed on selected proton resonances, as indicated 
in the legend (bottom, left); linearization of the decay and extrapolation of Dt as the slope of the average 
regression line (bottom, right). Experimental data and fitting curves are represented, respectively, with circles and 
continuous lines. 
slope = 1.15 x 10-5  
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Figure 2.A.13. 2D 1H-DOSY spectra (Bayesian transform, acetone-d6, ϱϬϬ MHz, Δ = ϳϱ ŵsͿ of 
[py1][Ru(CO)FTPP][PF6] (top); signal decay with monoexponential fitting, analysis performed on selected proton 
resonances, as indicated in the legend (bottom, left); linearization of the decay and extrapolation of Dt as the slope 
of the average regression line (bottom, right). Experimental data and fitting curves are represented, respectively, 
with circles and continuous lines. 
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Figure 2.A.14. 2D 1H-DOSY spectra (Bayesian transform, acetone-d6, ϱϬϬ MHz, Δ = ϭϬϬ ŵsͿ of [pǇϰ][PF6]4 (top); 
signal decay with monoexponential fitting, analysis performed on each proton resonance – data are 
superimposable (bottom, left); linearization of the decay and extrapolation of Dt as the slope of the regression line 
(bottom, right). Experimental data and fitting curves are represented, respectively, with circles and continuous 
lines. 
 
slope = 8.86 x 10-6 
  2. Tetrahedral assemblies of Ru(II)(CO)-porphyrins 73 
 
 
Figure 2.A.15. 2D 1H-DOSY spectra (Bayesian transform, acetone-d6, ϱϬϬ MHz, Δ = ϭϮϬ ŵsͿ of 
[py4][Ru(CO)FTPP]4[PF6]4 (top); signal decay with monoexponential fitting, analysis performed on selected proton 
resonances, as indicated in the legend (bottom, left); linearization of the decay and extrapolation of Dt as the slope 
of the regression line (bottom, right). Experimental data and fitting curves are represented, respectively, with 
circles and continuous lines. 
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Figure 2.A.16. 2D 19F-DOSY spectrum (Bayesian transform, acetone-d6, ϰϳϬ.ϭϮ MHz, Δ = ϭϬϬ ŵsͿ of [py1][PF6] (top); 
normalized signal decay with monoexponential fitting (bottom, left); linearization of the decay and extrapolation 
of Dt as the slope of the regression line (bottom, right). Experimental data and fitting curves are represented, 
respectively, with circles and continuous lines. 
 
 
slope = 3.08 x 10-5 
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Figure 2.A.17. 2D 19F-DOSY spectrum (Bayesian transform, acetone-d6, ϰϳϬ.ϭϮ MHz, Δ = ϱϬ ŵsͿ of Ru;COͿFTPP 
(top); signal decay with monoexponential fitting, analysis performed on each fluorine resonance (bottom, left); 
linearization of the decay and extrapolation of Dt as the slope of the regression line (bottom, right). Experimental 
data and fitting curves are represented, respectively, with circles and continuous lines. 
 
 
 
slope = 1.06 x 10-5 
mF 
oF 
pF 
mF 
oF 
pF 
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Figure 2.A.18. 2D 19F-DOSY spectrum (Bayesian transform, acetone-d6, ϱϬϬ MHz, Δ = ϯϬ ŵsͿ of [pǇϰ][PF6]4 (top); 
normalized signal decay with monoexponential fitting (bottom, left); linearization of the decay and extrapolation 
of Dt as the slope of the regression line (bottom, right). Experimental data and fitting curves are represented, 
respectively, with circles and continuous lines. 
  
slope = 2.22 x 10-5 
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ESI Mass Spectrometry 
 
Figure 2.A.19. ESI-MS spectrum of [py4][Ru(CO)FTPP]4[PF6]4, with experimental mass peak values,   
m/z calcd. for Ru(CO)FTPP: [M+H(CO)]+= 1073.6 and for [py4][PF6]4: [M-4PF6]4+= 235.3. 
 
X-Ray Diffraction Analysis  
 
  
 
 
Figure 2.A.20. X-ray structure of [py1][Ru(CO)FTPP][PF6]: Stick representation of the unit cell of the needle-like 
monoclinic crystalline polymorph, containing 4 complex molecules.  
a 
b 
c 
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Table 2.A.1. Crystallographic data and refinement details for the two crystalline polymorphs of 
[py1][Ru(CO)FTPP][PF6]. 
 
 [py1][Ru(CO)FTPP][PF6]·2C3H6O·H2O 
[C61H21F20N6ORu·PF6·2C3H6O·H2O] 
[py1][Ru(CO)FTPP][PF6]·5/3C3H6O 
[C61H21F20N6ORu·PF6·1.67C3H6O] 
Chemical Formula C67H33F26N6O4PRu C66H31F26N6O2.67PRu 
Formula weight 1612.04 g/mol 1576.67 g/mol 
Temperature 100(2) K 100(2) K 
Wavelength 0.700 Å 0.700 Å 
Crystal system  Monoclinic Orthorhombic 
Space Group  P 21/n P ca21 
Unit cell dimensions a = 15.9890(10) Å a = 25.100(20) Å 
 b = 23.6380(13) Å b = 26.516(15) Å 
 c = 16.8990(7) Å c = 29.653(14) Å 
 α = 90° α = 90° 
 β = 92.921(5)° β = 90° 
 ɶ = 90° ɶ = 90° 
Volume 6378.7(6) Å3 19738(24) Å3 
Z  4 12 
Density (calculated) 1.679 g·cm-3 1.592 g·cm-3 
Absorption coefficient 0.382 mm-1 0.382 mm-1 
F(000)  3208 9400 
Crystal size 0.10 x 0.05 x 0.05 mm3 0.08 x 0.08 x 0.02 mm3 
Crystal habit Red thick plates Red flat plates 
Theta range for data collection 1.46° to 29.07° 1.10° to 24.62° 
Index ranges -ϮϮ ≤ h ≤ ϮϮ, -ϯϮ ≤ k ≤ ϯϮ, -Ϯϯ ≤ l ≤ Ϯϯ -Ϯϵ ≤ h ≤ Ϯϴ, -ϯϭ ≤ k ≤ ϯϭ, -ϯϱ ≤ l ≤ ϯϱ 
Reflections collected 96263 110804 
Independent reflections 17504 [R(int) = 0.0259] 
17347 data with I>2(I) 
34402 [R(int) = 0.0635] 
28374 data with I>2(I) 
Coverage of independent 
reflections 
97.2% 99.4% 
Absorption correction None Multi-scan 
Max. and min. transmission  0.981 and 0.963 0.964 and 0.982 
Refinement method  Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters  17504 / 38 / 959 34402 / 666 / 2661 
Goodness-of-fit on F2 1.016 0.906 
Δ/max 0.026 0.029 
Final R indices [I>2(I)] R1 = 0.0333, wR2 = 0.0892 R1 = 0.0874, wR2 = 0.2273 
R indices (all data) R1 = 0.0334, wR2 = 0.0894 R1 = 0.1043, wR2 = 0.2453 
Weighting scheme w = 1/[2(Fo2)+(0.0527P)2+4.0652P] w = 1/[2(Fo2)+(0.1344P)2+144.1689P] 
Largest diff. peak and hole 0.839 and -0.687 eÅ-3 1.853 and -0.886 eÅ-3 
R.M.S. deviation from mean 0.074 eÅ-3 0.117 eÅ-3 
R1 =  ||Fo|–|Fc|| /  |Fo| 
wR2 = { [w(Fo2 – Fc2 )2] /  [w(Fo2 )2]}½ 
P = (Fo2+2Fc2)/3 
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Table 2.A.2. Crystallographic data and refinement details for [py1][Ru(CO)OEP][PF6] and [py4][Ru(CO)FTPP]4[PF6]4. 
 [py1][Ru(CO)OEP][PF6]·C3H6O 
[C53H57N6ORu·PF6·C3H6O] 
[py4][Ru(CO)FTPP]4[PF6]4·5C6H14·2C3H6O 
[C245H80F80N24O4Ru4·4PF6·5C6H14·2C3H6O] 
Chemical Formula C56H63F6N6O2PRu C281H162F104N24O6P4Ru4 
Formula weight 1098.16 g/mol 6474.51 g/mol 
Temperature 100(2) K 100(2) K 
Wavelength 0.700 Å 0.700 Å 
Crystal system  Triclinic Monoclinic 
Space Group  P -1 C 2/c 
Unit cell dimensions a = 10.5310(30) Å a = 50.163(10) Å 
 b = 10.8530(4) Å b = 10.614(2) Å 
 c = 22.4970(13) Å c = 65.776(13) Å 
 α = 87.803(3)° α = 90° 
 β = 80.165(10)° β = 109.84(3)° 
 ɶ = 80.690(8)° ɶ = 90° 
Volume 2499.9(6) Å3 32942(13) Å3 
Z  2 4 
Density (calculated) 1.459 g·cm-3 1.323 g·cm-3 
Absorption coefficient 0.397 mm-1 0.295 mm-1 
F(000)  1140 13144 
Crystal size 0.10 x 0.08 x 0.05 mm3 0.09 x 0.05 x 0.04 mm3 
Crystal habit Red small bricks Red plates 
Theta range for data collection 0.90° to 24.84° 0.65° to 18.55° 
Index ranges -ϭϮ ≤ h ≤ ϭϮ, -ϭϯ ≤ k ≤ ϭϯ, -Ϯϳ ≤ l ≤ Ϯϳ -ϰϱ ≤ h ≤ ϰϱ, -ϵ ≤ k ≤ ϵ, -ϱϵ ≤ l ≤ ϱϵ 
Reflections collected 47943 94340 
Independent reflections 9115 [R(int) = 0.0160] 
8976 data with I>2(I) 
12694 [R(int) = 0.0451] 
10330 data with I>2(I) 
Coverage of independent 
reflections 
96.2% 97.9% 
Absorption correction None None 
Max. and min. transmission  0.961 and 0.980 0.971 and 0.985 
Refinement method  Full-matrix least-squares on F2 Full-matrix least-squares on F2 
Data / restraints / parameters  9115 / 0 / 660 12694 / 2793 / 2022 
Goodness-of-fit on F2 1.034 1.046 
Δ/max 0.002 0.092 
Final R indices [I>2(I)] R1 = 0.0227, wR2 = 0.0538 R1 = 0.1182, wR2 = 0.3097 
R indices (all data) R1 = 0.0239, wR2 = 0.0543 R1 = 0.1320, wR2 = 0.3219 
Weighting scheme w = 1/[2(Fo2)+(0.0253P)2+1.5939P] w = 1/[2(Fo2)+(0.1563P)2+898.9755P] 
Largest diff. peak and hole 0.435 and -0.629 eÅ-3 1.229 and -0.611 eÅ-3 
R.M.S. deviation from mean  0.062 eÅ
-3  0.120 eÅ-3 
R1 =  ||Fo|–|Fc|| /  |Fo| 
wR2 = { [w(Fo2 – Fc2 )2] /  [w(Fo2 )2]}½ 
P = (Fo2+2Fc2)/3 
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Additional Spectroscopical and Photophysical measurements 
 
 
Figure 2.A.21. Absorption and emission spectra of [py1][Cl] and [py4][Cl]4 in water (from Ref. 20). 
 
 
Figure 2.A.22. Absorption spectra in DCM of Ru(CO)OEP and Ru(CO)FTPP, Soret band region (left), Q-bands region 
(right). 
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Figure 2.A.23. Absorption titration of Ru(CO)FTPP (1.23 x 10-5 M in acetone) with [py1][PF6]: shift of the Soret band 
;top, leftͿ, ďleaĐhiŶg of the Q ďaŶds ;top, rightͿ, aŶd Ŷorŵalized deĐaǇ of the ŵaǆiŵuŵ at ʄ = ϱϮϱ Ŷŵ, showing a 
break-point at 1.0 equivalents (bottom). 
 
 
Figure 2.A.24. Phosphorescence emission (deoxygenate acetone solutions, ʄexc = 535 nm, delay time 0 ms) of 
Ru(CO)FTPP (in red, 3.78 x 10-5 M) and [py1][Ru(CO)FTPP]4[PF6]4 (in blue, excess of [py1][PF6] was added to the 
original Ru(CO)FTPP acetone solution).  
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Cyclic Voltammetry 
 
Figure 2.A.25. CV of [py1][PF6] ;top, left − ϭ.Ϭϲ ǆ ϭϬ-3 M in 0.1 M TBAPF6- in CH3CN, scan rate 0.5 V/s), of [py4][PF6]4 
(top, right – 4.74  x 10-4 M in 0.05 M TBAPF6- in CH3CN, scan rate 0.2 V/s), and of Ru(CO)FTPP (bottom – 5.90 x 10-4 
M in 0.05 M TBAPF6
- in DCM, scan rate 0.2 V/s). Ferrocene internal standard, working electrode glassy carbon (0.08 
cm2), counter electrode Pt spiral, reference electrode SCE. 
 
Figure 2.A.26. CV of [py1][Ru(CO)FTPP][PF6] (left – 5.0 x 10-4 M in 0.05 M TBAPF6- in DCM, scan rate 0.2 V/s), and of 
[py4][Ru(CO)FTPP]4[PF6]4 (right – 3.2 x 10-4 M in 0.03 M TBAPF6- in DCM, scan rate 0.2 V/s) Ferrocene internal 
standard, working electrode glassy carbon (0.08 cm2), counter electrode Pt spiral, reference electrode SCE. 
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Chapter 3 
 
Water-soluble charged 
metallo-porphyrins for 
artificial photosynthesis 
 
 
 
 
A library of metallo-porphyrins varying in the type and number of charges was tested in the 
photocatalytic generation of molecular hydrogen from water. Efficient photocatalytic hydrogen 
evolution was obtained from 1 M phosphate buffer at pH 7 in the presence of Ru(bpy)3
2+ as 
photosensitizer, ascorbic acid as sacrificial electron donor, and a Co(II)-tetrapyridyniumporphyrin as 
catalyst. A thorough spectroscopic investigation of this system by stationary and time-resolved 
techniques enabled a complete characterization of the photoinduced processes and dynamics occurring 
upon visible light excitation.  
 
The study reported in this Chapter was done in collaboration with the group of Prof. F. Scandola, University of 
Ferrara, Italy (see also Acknowledgements). Part of this Chapter was published in: Natali, M.; Luisa, A.; Iengo, E.; 
Scandola, F. Chem Commun., 2014, 50, 1842-1844, DOI: 10.1039/C3CC48882A.  
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3.1 Introduction 
Photoactivated water splitting to produce molecular hydrogen in a sustainable way is a complex system 
that is usually studied by dividing the two fundamental reactions: water cleavage on one side, opposite 
to hydrogen evolving reaction.1,2 The latter, is of particular interest due to the increasing interest 
towards clean and affordable hydrogen generation in the last decades.3 A typical system to modelize 
this half of an artificial photosystem is composed of a light harvesting chromophore, namely the 
photosensitizer, an hydrogen evolution catalyst (HEC), and a sacrificial electron donor. The excitation 
energy provided by irradiation is collected by the photosensitizer, and used to activate the catalyst, by 
reducing its metallic center, thus able to coordinate protons and release molecular hydrogen through a 
series of redox processes. The excited state of the photosensitizer can progress towards activation of 
the catalyst following to possible pathways: i. an oxidative quenching pathway, where photoinduced 
electron transfer from the excited photosensitizer to the catalyst is followed by hole shift to the donor 
(Figure 3.1, left), or ii. a reductive quenching pathway, involving first photoinduced electron transfer 
from the donor to the excited photosensitizer and subsequent electron transfer to the catalyst (Figure 
3.1, right). To determine which route is prevalent, kinetic analyses of the bimolecular interactions of the 
photosensitizer with either the sacrificial donor or the catalyst can be performed by means of emission 
spectroscopy.  
 
Figure 3.1. Schematic representation of the two possible pathways for catalyst activation:  
oxidative quenching (left) and reductive quenching (right). 
As far as the hydrogen evolving reaction is concerned, also in this case several pathways are actually 
available for the catalytic mechanism, depending on the experimental conditions. After the activation of 
the catalyst, by means of the first reduction achieved with the process illustrated in Figure 3.1, the key 
step is, in all cases, the formation of a metal-hydride intermediate by reduction and protonation of the 
catalytic precursor, in a concerted proton-coupled electron transfer (PCET).4,5 This hydride can then 
evolve hydrogen either by protonation (heterolytic route) or by disproportionation (homolytic route),6 
depending mainly on the proton donor used and the pH, and the catalytic center is then restored to its 
native oxidative state by a second electron transfer from the excited photosensitizer. In some instances, 
however, the hydrogen formation does not immediately follow the formation of the hydride. In fact, if i. 
the experimental conditions are not acidic enough to achieve direct protonation of the hydride, and ii. 
the reducing agents are in large excess with respect to the concentration of the hydride intermediate, 
the hydride is first reduced, at the expense of the metallic center, and then this second intermediate 
undergoes either protonation or disproportionation to yield molecular hydrogen, restoring at the same 
time the pristine form of the catalyst (Figure 3.2).  
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Figure 3.2. Possible catalytic pathways for hydrogen generation: at high pH (blue) or low pH (red), heterolytic 
(protonation) or homolytic (addition of hydride). M(n-1) corresponds to the reduced catalyst C- of Figure 3.1. 
Obviously, a thoughtful selection of the partner components is necessary. As described in Section 1.2 of 
Chapter 1, the photosensitizer should be able to efficiently harvest light, yielding to an excited state 
exhibiting a sufficiently long lifetime. At this point, interaction with the two other components, 
following one of the two pathways described above, should provide the formation of a charge separated 
state by means of electron transfer processes. According to the classical Marcus theory of electron 
transfer, several parameter of the system may affect the charge separation efficiency and the lifetime of 
the charge separated state. Which is important for catalytic purposes is that the electron transfer 
process responsible for the first reduction of the catalyst (Figure 3.2) is fast enough to compete with the 
inevitable charge recombination. To achieve these goal, the components must possess compatible 
reduction potentials to achieve effective electron transfer, stability under the experimental conditions, 
and, for what concerns the sacrificial donor, produce degradation products that do not affect the overall 
reaction, like for instance consumption of hydrogen or poisoning of the catalyst. Particular attention is 
currently given to water-soluble noble-metal-free systems, in order to meet both environment and cost 
requirements.   
Regarding the compounds eligible as catalyst, since the late Seventies,7,8 macrocyclic cobalt complexes 
have been extensively studied as molecular catalysts for hydrogen evolution, with cobaloximes playing 
by far the main role in the field (see also Section 1.3 of Chapter 1). Surprisingly, Co-porphyrins have 
received little attention, from this standpoint. In a study by Fujita on the photocatalytic reduction of CO2 
to CO by a Co(II)-tetraphenylporphyrin in polar organic solvents, hydrogen evolution was observed as a 
side reaction.9 More recently, electrochemical hydrogen production from organic acids catalyzed by a 
hangman Co(II)-porphyrin in acetonitrile was reported by Nocera (see also Introduction).4 Still, the use 
of Co-porphyrins is rather limited, and the ones so far described required organic, non-green solvents 
(such as chloroform, dichloromethane, tetrahydrofurane and acetonitrile) as working conditions, for 
solubility matters. In this Chapter, the synthesis and characterization of a library of both positively and 
negatively charged Co(II)-porphyrins is described, and the results deriving from the application of some 
of the library members in the photocatalytic experiments for hydrogen generation, using Ru(bpy)3
2+ as 
photosensitizer and ascorbic acid as sacrificial donor, are reported. These results represent, to the best 
of our knowledge, the first example of the use of a water-soluble cobalt-porphyrin as an hydrogen 
M(n-1) M(n)-H
+ e- + H+
M(n-1)-H
M(n)
+ e-
+ e-
H+ or
M(n-1)-H
H2
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evolution catalyst, and surely one of the few cobalt-based photocatalytic systems reported to date 
working in purely aqueous solution.10–12 
Free-base and Zn(II)-porphyrin analogues were also prepared, primarily in order to achieve expertise 
and optimize the metallation/metilation synthetic steps on reliable reference components that allow 
the use of NMR as characterization technique (see Experimental Section). In Chapter 4 the use of these 
positively charged free-base, Co(II)-, and Zn(II)-porphyrins in the preparation of supramolecular host-
guest systems with calixarenes, mainly investigating the structural features of the resulting assemblies, 
but also testing the response in terms of photoinduced reactivity, will be discussed. Tetracationic Zn(II)-
porphyrin has also been reported by Weinstein and Coutsolelos13 in hydrogen evolution experiments as 
photosensitizer with a cobaloxime catalyst and triethanolammine as sacrificial donor, similarly to other 
Zn(II)-porphyrins reported by Sun14 and by Pryce and Vos,15 however the proposed oxidative mechanism 
for the overall reaction was not supported by sufficiently solid evidence.16  
 
3.2 Preparation and characterization of Co(II)-porphyrins 
The preparation of charged porphyrins by means of metilation of peripheral pyridine groups, yielding 
cationic meso-substituted pyridiniumporphyrins, is longstanding,17 but product purification from side 
products and unreacted excess reagents is still an issue, given the impossibility to rely on conventional 
chromatography methods, typically employed for neutral porphyrins. Moreover, information in the 
literature on the insertion of a metal center into charged polar porphyrins is scattered, reporting either 
a different metal or a different porphyrin. In any case, this procedure appears to be not trivial, due to 
the very distant solvent solubility range of the free-base macrocycle and the typical metal salts 
employed in this step. For these reasons, a general two-steps procedure was here employed: i. insertion 
of the metal center  into the desired meso-substituted pyridylporphyin, via conventional methods, 
followed by ii. metilation of the peripheral pyridyl groups by treatment with CH3I in DMF at refluxing 
temperature. Isolation of a pure product required washing of the crude mixture with diethyl ether to 
eliminate unreacted CH3I, and reprecipitation from water by addition of ethyl-alcohol.  
Accordingly, to obtain cationic Co(II) porphyrins, the procedure requires first the synthesis of the 
starting meso-substituted pyridylporphyins, achieved by Alder-Longo statistical condensation of pyrrole 
ǁith ďeŶzaldehyde aŶd ϰ’-pyridylcarboxyaldehyde followed by a, rather tedious, separation of the 
products by column chromathography.18 Then, the correspondent neutral Co(II)-porphyrins  were 
prepared using Co(II) acetate as the metal source. Lastly, the metilation of the peripheral pyridines 
afforded the desired cationic porphyrins 1-3 (Figure 3.3). Alongside these, a negatively-charged tetra-
anionic Co(II)-porphyrin 4 (Figure 3.3) was prepared inserting the metal into the free-base 5,10,15,20-
tetrakis-(4-sulfonatophenyl)porphyrin (H2TPPS). These compounds were characterized by means of 
Electron Spray Ionization (ESI) mass spectrometry and UV-Visible spectroscopy, being NMR 
spectroscopic characterization viable only in assessing the absence of residual unreacted free-base 
porphyrin, as the Co(II) derivatives are paramagnetic and thus produce very broad, unpredictably 
positioned 1H resonances. Detailed syntheses and characterization of all the Co(II) porphyrins and the 
correspondent free-base and Zn(II) analogues are reported in the Experimental Section.  
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Figure 3.3. Cationic meso-substituted Co(II)-pyridiniumporphyrins: [Co(II)TMPyP][I]4 (1),[Co(II)tMPyP][I]3 (2),  
and [Co(II)DMPyP][I]2 (3); anionic meso-substituted Co(II)-sulphonated porphyrin [Co(II)TPPS][Na]4 (4);  
reference Zn(II)-pyridiniumporphyrin [Zn(II)TMPyP][I]4 (5) 
The UV-Vis spectrum of 1 in water is dominated by the typical features of metallated porphyrins, i.e. an 
intense Soret band (ʄmax = 433 nm, ɸ = 5.95 x 104 M-1cm-1) and coalesced Q bands (ʄmax = 544 nm, ɸ = 
0.6x104 M-1cm-1) due to the enhancement of symmetry resulting from the chelation of the metal center 
by the tetrapyrrolic macrocycle. The presence of a different number of charges (three and two for 
compound 2 and 3, respectively) does not affect in appreciable manner the absorption spectrum. 
Changing the nature of the charges, as in the case of the tetra-anionic compound 4, manifests as a 
significant blue-shift of ca. ϮϬ Ŷŵ for ďoth the Soret aŶd the Q ďaŶd ;ʄmax = 413 nm and 521 nm, 
respectively), due to the electron-withdrawing effect of the sulphonated moieties. 
Contrary to other metallo-porphyrins, Co(II)-porphyrins do not exhibit fluorescent emission, since the π-
π* excited state undergoes very fast thermal deactivation through low-lying cobalt-centered d-d 
states.19 A practical consequence of the too short-living excited states, is that Co(II)-porphyrins are not 
viable as photosensitizer components. Nevertheless, the intense absorption between 400-500 nm is 
relevant to the use of these compounds for the homogeneous photo-production of molecular hydrogen, 
within a sacrificial cycle in tandem with the classical Ru(bpy)3
2+ photosensitizer, due to a partial overlap 
with the MLCT band of the ruthenium complex (ʄmax = 450 nm in water, see also Figure 3.6), meaning 
that an electron transfer between the two active partners is viable.  
To assess the ability of the Co(II)-porphyrins to foster hydrogen evolution, preliminary electrochemical 
studies in acetonitrile were performed (Figure 3.4, left). Cyclic voltammetry (CV) of 1 showed the 
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presence of several cathodic processes occurring between potentials of 0 to −2.0 V vs. SCE. Metal-
ĐeŶtered, poorly reǀersiďle proĐesses ĐaŶ ďe ideŶtified at −Ϭ.ϲ7 V aŶd −ϭ.47 V vs. SCE, ascribable to one-
electron reductions from Co(II) to Co(I), and from Co(I) to Co(0), respectively. The remaining reversible 
processes, with half-ǁaǀe poteŶtials of −ϭ.Ϭ4 V aŶd −ϭ.ϭ0 V, can be attributed to reductions occurring at 
the porphyrin skeleton, most likely involving the methylpyridinium moieties, as identified by comparison 
with the [Zn(II)TMPyP][I]4 analogue (Figure 3.A.1). The peak current intensities of the two one-electron 
cobalt-centered processes are distinctly not comparable. Differential pulse voltammetry (DPV) allowed 
to establish that the wave at −0.67 V is superimposed with the peak corresponding to the reduction of 
O2, which is not completely eliminated in the working conditions (Figure 3.A.2, left).  
 
 
Figure 3.4. CV of a 0.1 mM 1 solution in acetonitrile (0.1 M LiClO4, scan rate 100 mV/s, room temperature) (left)  
and upon addition of 01.3 mM benzoic acid (right). 
To investigate the possible formation of the hydride intermediate species, fundamental to achieve 
protons reduction to H2 (see also Introduction), analogous CV experiments were performed in the 
presence of increasing amounts of benzoic acid, having the role of a proton donor (Figure 3.4, right). As 
a result, the Co(II)/Co(I) redox process is practically unaffected, while the onset of a catalytic cathodic 
wave is observed at ca. −1.2 V with peak current intensities proportional to the amount of proton donor 
present in solution. This process is ascribable to the proton reduction, and since it starts at more 
negative potentials with respect to the Co(II)/Co(I) reduction, but prior to the second Co(I)/Co(0) 
process, it can be deducted that hydrogen formation occurs upon reduction of Co(I) to Co(0) and 
protonation, namely the formation of a Co(II)-hydride intermediate through PCET. Most importantly, the 
same behavior was observed in 1 M aqueous buffer (pH = 7), which are the actual experimental 
conditions of the following catalytic experiments, where proton discharge starts also at ca. −1.2 V 
(Figure 3.A.2, right). In this case the proton source is the water itself, hence no additional acid is 
required.  
 
  
-0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 -1.8 -2.0
-2
0
2
4
6
8
10
12
14
i 
(m A
)
E (V) vs SCE
i 
(ʅA
)
-0.4 -0.6 -0.8 -1.0 -1.2 -1.4 -1.6 -1.8 -2.0
-2
0
2
4
6
8
10
12
14
16
18 0 mM
0.3 mM
0.5 mM
0.7 mM
1.0 mM
1.3 mM
E (V) vs SCE
i 
(ʅA
)
  3. Water-soluble charged metallo-porphyrins for artificial photosynthesis  91 
3.3 Hydrogen evolution experiments for [Co(II)TMPyP][I]4 (1) 
For the catalytic testing of 1, a very well-known photosensitizer/sacrificial couple was chosen, i.e. 
Ru(bpy)3
2+ as the sensitizer and ascorbic acid as the electron donor. A typical hydrogen evolution 
experiment requires an aqueous solution, at buffered pH (1 M phosphate buffer), containing the 
Ru(bpy)3
2+ photosensitizer (1 mM), a large excess of the sacrificial ascorbic acid (0.1 M), and a catalytic 
amount of catalyst 1 (2.5-ϯϬ ʅMͿ. The solution, saturated with carrier gas (argon) and kept under 
continuous stirring, is irradiated by a 175 W Xe arc discharge lamp, equipped with a cut-off filter at 400 
nm, which simulates the sunlight spectrum in the visible region. The gasses evolving from the solution 
are then analyzed at fixed intervals of time by gaschromatography, extrapolating the moles of hydrogen 
produced (Chart 3.1).  
gas carrier microGC
system 
stirring
 
Chart 3.1 Representation of the equipment employed for hydrogen evolution experiments; the inset shows the 
emission spectra of the 175 W CERMAX arc-lamp: native (black) and filtered (blue). 
Kinetics with increasing quantities of catalyst are thus performed (Figure 3.5), revealing that in such 
conditions the photocaltalytic activity by means of overall hydrogen production over time is found to be 
strongly dependent on the concentration of the metallo-porphyrin. At low catalyst loading, the plot of 
the initial rate of hydrogen evolution, calculated as the slope of the linear part of the kinetic, with 
respect to with the concentration of 1, shows a linear correlation between the increasing of hydrogen 
production and the addition of catalyst. This indicates, as suggested by Gray,6 that the hydrogen 
production follows an heterolytic pathway, namely the protonation of the cobalt-hydride intermediate. 
At higher catalyst loading, when the amount of 1 is aďoǀe ϭϬ ʅM, aŶ iŶĐreasiŶgly ŵore proŶouŶĐed 
induction period can be appreciated, while the rate of hydrogen production reaches its maximum and 
becomes independent of the catalyst concentration. At these higher concentrations of porphyrin, in 
fact, a deleterious inner filter effect is established, since the porphyrin competes with the 
photosensitizer in absorbing light, and the delay time required to accumulate catalytically active cobalt 
species increases, since there is relatively more catalyst to be reduced with respect to the 
photosensitizer. 
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Figure 3.5. Kinetics of the photoinduced hydrogen evolution process resulting from different concentrations of 1. 
The hydrogen production ceases to increase after 4-5 hours of activity. At this point, turnover numbers 
(TON) with respect to the catalyst concentration were calculated as the ratio between the total moles of 
hydrogen produced over the moles of catalyst employed. The best TON was obtained with the lowest 
catalyst concentration, that is TON = 725 at Ϯ.ϱ ʅM of 1. As regards the turnover frequency (TOF), 
namely the moles of hydrogen produced per moles of catalyst per unit time, calculated from the slope 
of the liner part of the kinetics after the eventual induction period, it was found that higher TOFs are 
achieved at 5.0−ϳ.ϱ ʅM of Đatalyst, meaning that these systems develop hydrogen at a higher rate in the 
beginning, but since they deactivate earlier the total hydrogen production per mole of catalyst is 
smaller. WheŶ the Đatalyst loadiŶg is ϭϬ ʅM aŶd above the system is increasingly less active, as 
previously discussed. All the calculated data are summarized in Table 3.1.  
Table 3.1. Summary of photocatalytic hydrogen evolution data. 
[1] ;ʅMͿ TONa rateb ;ʅŵol ŵiŶ-1) TOFc (min-1) 
2.5 725 0.11 8.8 
5.0 581 0.25 10.0 
7.5 512 0.41 10.9 
10 422 0.45 9.0 
20 338 0.54 5.4 
30 269 0.43 2.9 
acalculated as total n(H2)/n(catalyst); 
b,ccalculated from the slope of the linear part  
of the kinetics after the eventual induction period. 
The limitation of the catalytic activity may be ascribed either to catalyst depletion or to photosensitizer 
degradation. A convenient way to determine which effect is prevalent in the used experimental 
conditions is the comparison of the absorption spectra of the reaction mixture before and after the 
irradiation (Figure 3.6). The visible spectrum of such solutions is mainly defined by the absorption of the 
photoseŶsitizer, ǁith ʄmax = 450 nm, although depletion of catalyst can be appreciated since its 
corresponding Soret ďaŶd, at ʄmax = 433 nm, is not completely masked by the Ru(bpy)32+ MLCT band. 
From the spectra in Figure 3.5, and especially those referring to high catalyst loadings, it is possible to 
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evince that due to photolysis the porphyrin is almost completely depleted, while the photosensitizer is 
affected only to very minor extent. The spectral variations here observed are similar to those reported 
for other systems employing Ru(bpy)3
2+ as photosensitizer and ascorbic acid as sacrificial donor, and are 
likely due to unproductive routes involving the reduced photosensitizer and competing with the 
electron transfer from this reduced species to the catalyst.20,21  
 
Figure 3.6. Comparison of the absorption spectra before and after 4 h photolysis of 1 M phosphate buffer (pH = 7) 
solutions containing 1 mM Ru(bpy)3
2+, 0.1 M ascorbic acid and different loads of 1. 
Considering that a more acidic pH could foster protons reduction to hydrogen, especially since this 
condition may enhance the formation of the required hydride intermediate, a series of hydrogen 
evolution experiments were performed, keeping fixed the concentration of 1 and all the other 
conditions, but varying the pH. Different 1 M phosphate buffer solutions, with a pH varied from 5 to 8, 
containing 1 mM Ru(bpy)3
2+ as photoseŶsitizer, Ϭ.ϭ M asĐorďiĐ aĐid as saĐrifiĐial doŶor, aŶd ϱ.Ϭ ʅM of 1 
as catalyst were irradiated for 2 h, registeriŶg the hydrogeŶ eǀolutioŶ oǀer tiŵe. The ϱ.Ϭ ʅM Đatalyst 
concentration was chosen as a good compromise ďetǁeeŶ the ďest TON ;Ϯ.ϱ ʅMͿ aŶd the ďest TOF ;ϳ.ϱ 
ʅMͿ ǀalues deterŵiŶed preǀiously. Hydrogen evolving performance of 1 was found to be strongly 
dependent on pH (Figure 3.7), with results in terms of turnover numbers and frequency peaking at the 
value of 7. 
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Figure 3.7. Kinetics of photoinduced hydrogen evolution at different pH values (left)  
and plot of TON and TOF with respect to pH (right). 
The bell-shaped profile of the activity (TON or TOF) with respect to pH can be ascribed to the result of 
opposite, and therefore balanced, contributions between degradation effects and activation of the 
photosystem. In fact, when the absorption of the reaction mixture before and after the irradiation is 
considered, it can be seen that at lower pH the system is greatly degraded, not only due to depletion of 
the metallo-porphyrin, but also to deterioration of the photosensitizer, given that also the band at 450 
nm is strongly quenched (Figure 3.8). On the other end, at acidic pH the thermodynamic driving-force 
for water reduction is enhanced as well as the formation of the cobalt hydride catalytic intermediate. As 
a combination of these antagonistic effects, a neutral pH was elected as the best choice for hydrogen 
development from these mixtures.  
 
Figure 3.8. Comparison of absorption spectra before and after 2 h photolysis of 1 M phosphate buffer solutions 
containing 1 mM Ru(bpy)3
2+, 0.1 M ascorďiĐ aĐid aŶd ϱ.Ϭ ʅM of 1 at different pH values. 
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Comparison made with a well-known cobaloxime catalyst (Co(dmgH)2ClEtPy, see also Chapter 1, Figure 
1.11)16 shows the superior activity of 1 as hydrogen evolving catalyst under the experimental conditions 
used in this work. In fact, at 5 ʅM concentration (Figure 3.9, left), the cobaloxime complex was found to 
produce negligible amount of hydrogen (ca. 0.5 ʅmol after 4 h photolysis) compared to 1 (14.5 ʅmol), 
corresponding to a TON 30-fold lower (17 and 581 for Co(dmgH)2ClEtPy and 1, respectively). Moreover, 
in order to obtain the same final volume of hydrogen as produced by the 2.5 ʅM 1 solution, 100 ʅM 
Co(dmgH)2ClEtPy was required (Figure 3.9, right). In these latter conditions, a similar amount of 
hydrogen is obtained, however 1 was found to be still a more active catalyst, as evidenced by the 
difference in calculated TONs (18 and 725 for Co(dmgH)2ClEtPy and 1, respectively). 
Figure 3.9. Kinetic of hydrogen evolution upon irradiation of 1 M phosphate buffer (pH = 7) solutions containing 1 
mM Ru(bpy)3
2+, Ϭ.ϭ M asĐorďiĐ aĐid aŶd: ϱ ʅM 1 or ϱ ʅM Co(dmgH)2ClEtPy ;leftͿ; Ϯ.ϱ ʅM 1 or ϭϬϬ ʅM 
Co(dmgH)2ClEtPy (right). 
 
3.4 Photoinduced hydrogen evolution mechanism 
As aforementioned (Section 3.1), hydrogen is catalytically produced through a cobalt-centered redox 
cycle. By means of electrochemical (Section 3.2) and photocatalytic experiments (Section 3.3), three 
fundamental steps were recognized: i. the formation of a Co(II)-H hydride by PCET, ii. the reduction to 
Co(I)-H by a second photoelectron, and iii. the protonation of the intermediate, releasing H2 and the 
restored Co(II) center. This process is triggered by the reduction of the Co(II)-poprhyrin catalyst, 
promoted by photogenerated electrons. The process is initiated by visible light photoexcitation of 
Ru(bpy)3
2+, which evolves in two alternative pathways: a. oxidative quenching by 1, followed by hole 
shift to the ascorbic acid; b. reductive quenching by the ascorbic acid, followed by electron transfer to 1 
(see also Figure 3.1). To determine which is the leading pathway for the present system and in the 
employed experimental conditions, separate Stern-Volmer analysis of the bimolecular reactions 
occurring by excitation of Ru(bpy)3
2+  in the presence of either ascorbic acid or catalyst 1 were 
performed. In both cases, emission spectra of Ru(bpy)3
2+ were recorded adding increasing, and 
comparable with those used in the actual catalytic measurements, concentrations of the second 
component. The rate constant for the emission quenching was calculated as the slope of the relative 
emission intensity with respect to the concentration of the quencher, i.e. either ascorbic acid or 1 
(Figure 3.10).   
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Figure 3.10.a. EŵissioŶ speĐtra ;ʄexc = 450 nm) of solutions containing 50 ʅM Ru(bpy)32+ in 1 M phosphate buffer at 
pH 7 and  00.3 M ascorbic acid (left); Stern-Volmer plot of the emission quenching (right). 
 
 
Figure 3.10.b. EŵissioŶ speĐtra ;ʄexc = 450 nm) of solutions ĐoŶtaiŶiŶg ϱϬ ʅM Ru;ďpyͿ32+ in 1 M phosphate buffer at 
pH 7 and 0ϰϬ ʅM 1 (left); Stern-Volmer plot of the emission quenching (right). 
 
The quenching phenomenon by a generic quencher Q can be described as: �0� = �0� = 1 + �ௌ�[�] 3.1 
where:  I0 is the emission intensity in the absence of quencher 
 I  is the emission intensity in the presence of quencher 
 τ0 is the emission lifetime in the absence of quencher 
 τ  is the emission lifetime in the presence of quencher 
 
The Stern-Volmer rate constant (kSV) is defined as: �ௌ� = �ொ�0 3.2 
where kQ is the bimolecular rate constant for the quenching process and τ0 = 450 ns.  
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With these calculations, from the experiments illustrated above it was found that ascorbic acid in 1 M 
phosphate buffer at pH = 7 quenches the excited state of Ru(bpy)3
2+ following a Stern-Volmer behavior 
with kQ = 3.1 x 10
7 M-1s-1, well in line with literature data regarding the same photosensitizer/donor 
couple.12 1 also quenches the Ru(bpy)3
2+ excited state with a Stern-Volmer kinetics, but with a higher 
rate constant kQ = 7.8 x 10
9 M-1s-1, therefore unambiguously indicating that this second quenching 
pathway is favored. In the working conditions, however, the concentration of ascorbic acid (0.1 M) is 
much greater than that of 1 (2.5−ϯϬ ʅMͿ, with the consequence that the reductive quenching by 
ascorbate may dominate over the oxidative quenching by 1. To check for this possibility, actual pseudo-
first-order quenching rates were calculated with the following equation: �ொ = �ொ[�] 3.3 
obtaining rQ = 3.1 x 10
6 s-1 for ascorbic acid and rQ = 0.2 – 2.3 x 105 s-1 for 1, meaning that the first 
photochemical event, after the excitation of Ru(bpy)3
2+, is the reductive quenching by ascorbic acid, 
followed by electron transfer to the catalyst, which upon further reduction and protonation is able of 
reducing protons to molecular hydrogen, as explained in Section 3.2. Moreover, this pathway is not only 
preferred do to experimental conditions, but it was determined as the only pathway able to effectively 
lead the hydrogen evolution. In fact, negligible H2 evolution is observed in experimental conditions in 
which oxidative quenching is fostered over reductive quenching by lowering the concentration of 
ascorbic acid (30 ʅM 1, 1 mM AscH, 1 mM Ru(bpy)32+, in 1 M phosphate buffer at pH = 7). 
According to the scenario depicted above, one of the key processes triggering the photocatalytic 
hydrogen production is the electron transfer from the reduced sensitizer to the catalyst. This process 
was conveniently monitored by time-resolved laser flash photolysis experiments. Excitation of 
Ru(bpy)3
2+ with monochromatic laser ʄexc = 355 nm in 1 M phosphate buffer at pH = 7 containing 0.1 M 
ascorbic acid is followed by an electron transfer from the sacrificial donor to the excited photosensitizer 
with formation of the reduced species Ru(bpy)3
+ and the oxidized ascorbate. This process, namely the 
charge separation, occurs in 160 ns and can be easily followed by monitoring the depletion of 
3*Ru(bpy)3
2+ absorption and the concomitant increasing of a new band around 510 nm, peculiar of the 
reduced species Ru(bpy)3
+ (Figure 3.11, left).22 In the absence of 1, this transient state decays via charge 
recombination with a second-order kinetic, presenting an estimated lifetime τ = 37 ʅs (Figure 3.11, 
right). Lifetimes are obtained from the biexponential fitting of the transient spectra decay at the 
wavelength characteristic of the species of interest, namely ʄ = 360 nm for 3*Ru(bpy)32+ and ʄ = 510 nm 
for Ru(bpy)3
+ (for the kinetic traces, see Figure 3.A.4).  
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Figure 3.11. Laser flash photolysis (ʄexc = 355 nm) of 0.1 mM Ru(bpy)32+ and 0.1 M ascorbic acid in 1 M phosphate 
buffer (pH = 7): transient absorption spectra at 0.010.50 ʅs time-delay (left, reductive quenching by ascorbic acid 
– charge separation); transient absorption spectra at 1.0100 ʅs time-delay (right, charge recombination). 
Within the presence of Ϯϱ ʅM of 1, the formation of the reduced sensitizer, consequent to the reductive 
quenching of the excited photosensitizer by ascorbic acid and characterized by the absorption maximum 
at ʄ = 510 nm, is still observed (Figure 3.12, left). However, the Ru(bpy)3+ absorption is seen to decay 
accompanied by the appearance of a different transient (detected at 30, 50, and 100 ʅs time-delays, 
Figure 3.A.5) with spectral features compatible with the formation of the reduced  porphyrin species, i.e. 
Soret-band bleach at ʄ = 420−430 nm and new absorption maximum at ʄ = 470 nm (Figure 3.12, right).23 
This transient is subsequently seen to fade down to the baseline in ca. 90−100 ʅs. Importantly, from the 
kinetic analysis at ʄ = 510 nm (Figure 3.13, left), the Ru(bpy)3+ transient is observed to decay with 
appreciably first order dependence over the concentration of 1. 
 
Figure 3.12. Laser flash photolysis (ʄexc = 355 nm) of Ϯϱ ʅM 1, 0.1 mM Ru(bpy)32+, and 0.1 M ascorbic acid in 1 M 
phosphate buffer (pH = 7): transient absorption spectra at 0.010.50 ʅs time-delay (left, reductive quenching by 
ascorbic acid); transient absorption spectra at 1.0100 ʅs time-delay (right, electron transfer to 1). 
The bimolecular rate constant for this electron transfer process (kET) can be calculated under pseudo-
first order conditions, following the variation of the concentration of the reduced Ru(bpy)3
+ from its 
transient absorption at 510 nm. Pseudo-first order condition is perfectly matched in this study since the 
concentration of photogenerated Ru(bpy)3
+ can be estimated from Lambert-Beer type calculations as 
ϭ.Ϯ ʅM, therefore [1]>>[Ru(bpy)3+], meaning that the kinetic analysis can be performed as follows: 
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� = ��்[Ruሺbpyሻ3+][�] = ���௦[Ruሺbpyሻ3+] 3.4 
[Ruሺbpyሻ3+]௧ = [Ruሺbpyሻ3+]0�−����௧ 3.5 
���௦ = ��்[�] 3.6 
Therefore, it is possible to obtain kET as the slope of the plot of kobs values against increasing catalyst 
concentration [1] (Figure 3.13). When considering the decay of Ru(bpy)3
+ for the calculation of kobs, 
competition with charge recombination with the oxidized ascorbate must be taken into account, 
therefore the kobs values for equation 3.6 are corrected as follows: �′��௦ = ���௦ − 1��ோ 3.7 
with τCR = ϯϳ ʅs, deriving from the quenching observed in absence of 1 (Figure 3.11). 
These calculations yield a considerably high value for the constant, kET = 2.3 × 10
9 M-1s-1, which is close to 
the diffusion limit and may likely explain the very high efficiency for hydrogen generation catalyzed by 1 
at very low concentrations (in the ʅM range). 
 
Figure 3.13. Kinetic analysis at 510 nm obtained by laser flash photolysis ;ʄexc = 355 nm) on a solution containing 0-
ϱϬ ʅM 1, 0.1 mM Ru(bpy)32+, and 0.1 M ascorbic acid in 1 M phosphate buffer at pH = 7 (left); plot of the observed 
rate vs. [1], used for the calculation of the bimolecular rate constant kET (right). 
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Chart 3.2. Overall mechanism for catalyst activation (top); energy levels diagram relative to the photoinduced 
processes: dashed arrows represent deactivation pathways (bottom).  
 
The overall mechanism for catalyst activation, i.e. reduction of the Co(II) center by photogenerated 
electrons, is summarized in Chart 3.2. Ru(bpy)3
2+ is excited by light to its excited singlet state 
1*Ru(bpy)3
2+, which rapidly relaxed to the triplet 3*Ru(bpy)3
2+. This excited state is reductively quenched 
by the ascorbic acid sacrificial donor, forming a reduced Ru(I) species, Ru(bpy)3
+, and oxidized ascorbate. 
Ru(bpy)3
+ is a strong reductant that rapidly transfers an electron to the Co(II)-porphyrin 1, with kET = 2.3 
× 109 M-1s-1, concurrently restoring the Ru(bpy)3
2+ photosensitizer. The Co(I) species, in presence of H+ 
and a second photogenerated electron (provided by another analogous cycle, involving a new ascorbic 
acid molecule), forms the Co(II)-H hydride from which hydrogen evolves following an heterolytic 
pathway, as described at the beginning of this Section. 
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3.5 Hydrogen evolution experiments for compound 2, 3, and 4. 
The tri-cationic and di-cationic Co(II)-porphyrins 2 and 3 (Figure 3.3) may also be valuable catalysts, and 
the presence of a different number of charges may modulate the catalytic activity, as compared to 1. 
Unfortunately, compound 3, bearing only two positively charged pyridinium groups, was found to be 
scarcely soluble in the aqueous phosphate buffer, which prevented to perform the hydrogen evolution 
experiments. Compound 2 was found to generate H2 efficiently in a solution containing 1 mM Ru(bpy)3
2+ 
and 0.1 M ascorbic acid, in 1 M phosphate buffer at pH = 7, upon irradiation by a 175 W Xe arc discharge 
lamp, equipped with a cut-off filter at 400 nm. Under such conditions, the photocatalytic activity was 
observed to be strongly dependent on the catalyst concentration, with the system being more efficient 
in terms of TON at low catalyst loads (Figure 3.14 and Table 3.2). Comparing the kinetics of hydrogen 
evolution, compound 2 showed a lower rate of activity with respect to 1, but seemed to be more stable 
over time, with superior overall TON values, especially at low loads of catalyst.  
 
Figure 3.14. Kinetics of the photoinduced hydrogen evolution employing different concentrations of 2. 
Table 3.2 Comparison of photocatalytic hydrogen evolution data for 1 and 2. 
[catalyst] ;ʅMͿ max TON (1) max TON (2) 
2.5 725 (4h) 920 (6h) 
5.0 581 (4h) 592 (6h) 
7.5 512 (4h) 458 (6h) 
10 422 (4h) 372 (6h) 
20 338 (5h) 251 (6h) 
30 269 (6h) - 
 
Also in this case, Stern-Volmer analysis of the emission spectra of the Ru(bpy)3
2+ photosensitizer in 
presence of increasing amounts of either ascorbic acid or 2 were performed. As expected, ascorbic acid 
in 1 M phosphate buffer at pH = 7 quenches the excited state of Ru(bpy)3
2+ with the same constant kQ = 
3.1 x 107 M-1s-1. In parallel, 2 quenches Ru(bpy)3
2+ excited state with a rate constant of kQ = 3.3 x 10
9  
M-1s-1, which correspond to 1/3 of the constant obtained for 1. Pseudo-first order rates, calculated by 
multiplying kQ for the actual concentration of the quencher, gave rQ = 3.1 x 10
6 s-1 for ascorbic acid and 
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rQ = 0.8−6.6 x 104 s-1 for catalyst 2, respectively, confirming also in this case a reductive quenching 
pathway. To assess the rate of electron transfer from the reduced photosensitizer Ru(bpy)3
+ to catalyst 
2, laser flash photolysis experiments at different loading of 2 were performed. Ru(bpy)3
+ transient 
absorption signal at ʄ = ϱϭϬ Ŷŵ deĐays due to electron transfer to 2 with a pseudo-first order 
bimolecular constant of kET = 1.8 x 10
9 M-1s-1. This value indicates that the electron transfer rate is 
slightly slower for 2 with respect to 1 (kET = 2.3 × 10
9 M-1s-1). This could be tentatively ascribed to a 
decrease of the reduction potential, going from the tetracationic Co(II)-tetrapyridinium porphyrin 1 to 
the tricationic Co(II)-trispyridinium porphyrin 2. 
Regarding the negatively charged compound 4, the preliminary electrochemistry survey, i.e. CV 
experiments in acetonitrile (Figure 3.A.3, left), showed the presence of an irreversible process at −0.9 V 
vs. SCE, presumably ascribable to the Co(II)/Co(I) redox couple. A current enhancement is then observed 
at −ϭ.Ϯ V vs. SCE, most likely ascribable to proton reduction by 4. However, the observed catalytic 
currents are considerably lower with respect to those recorded for 1 (Figure 3.A.3, right), suggesting 
that 4 is not a good electrocatalyst for hydrogen evolution under neutral aqueous conditions. 
Conversely to this reasoning, Hung and coworkers reports efficient electrocatalytic generation of H2 
applyiŶg a −ϭ.Ϯϵ V ;vs. SHE) potential to an aqueous phosphate buffer solution of 4 (pH = 7), achieving 
TON = 1.9 x 104 after 73 h with respect to the catalyst.24 This astounding activity and stability of the 
system, however, is ascribed to the deposition of the compound at the electrodes. 
 
Figure 3.15. Kinetics of photoinduced hydrogen evolution employing different concentrations of 4. 
Despite these preliminary data were not very encouraging, photocatalytic experiments were performed 
anyway, using 4 as the hydrogen evolving catalyst in the same conditions utilized previously, i.e. 
irradiatiŶg ǁith ʄ > ϰϬϬ Ŷŵ a solution containing 0.1 M ascorbic acid, 1 mM Ru(bpy)32+, and 2.5-ϯϬ ʅM of 
4 in 1 M phosphate buffer at pH = 7, are reported in Figure 3.15. Hydrogen evolution was indeed 
observed, but presents lag-times of 30−40 minutes, that are remarkably independent from the 
concentration of 4 used. This fact suggests that most likely the degradation of 4 occurs, under the 
employed photochemical conditions, with formation of some heterogeneous cobalt phase, still able to 
catalyze protons reduction to molecular hydrogen. Consistently, at the end of the catalytic experiments 
a black solid was always found in the reaction mixture. 
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3.6 Conclusions 
It was herein proposed an optimized straightforward synthesis to obtain positively-charged water- 
soluble porphyrins. It was also demonstrated that the tetracationic cobalt porphyrin 1 is a competent 
catalyst for hydrogen generation from purely aqueous solutions under continuous visible irradiation in 
the presence of Ru(bpy)3
2+ as photosensitizer and ascorbic acid as sacrificial electron donor, achieving 
TON up to 725. The photosynthetic performance is mainly limited by depletion of the catalyst. Hydrogen 
evolution takes place after reductive quenching of the excited photosensitizer by the donor followed by 
electron transfer to 1. The high rate observed for this electron transfer process (kET = 2.3 × 10
9 M-1s-1) 
enables 1 to operate catalytically even at very low concentrations. Moreoǀer, ĐoŶĐeŶtratioŶs iŶ the ʅM 
range permit to avoid the inner filter effect due to the strong absorption of the porphyrin in the visible 
region, which, at higher catalyst loadings, may be detrimental for the hydrogen production since it 
withdraws excitation energy from the photosensitizer. Catalytic testing on porphyrins bearing a different 
number (tricationic cobalt porphyrin 2) or nature (tetra-anionic cobalt porphyrin 4) of the charges 
resulted in a minor, if not scarce, activity of these derivatives towards the photogeneration of hydrogen. 
Improvement of the stability of such compounds may be obtained, for instance, by supporting the 
catalyst on an heterogeneous phase or entrapping the porphyrin in a host-guest system. Regarding this 
latter aspect, a tentative investigation of the behavior of charged metallo-porphyrins, as 
photosensitizers or catalysts, when included in supramolecular structures with calixarenes is presented 
in Chapter 4.   
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3.7 Experimental Section 
Materials and Methods 
Materials. Acetonitrile for electrochemical studies was of spectroscopic grade, while for photophysical 
and photolysis experiments Milli-Q Ultrapure water and related buffer were used, all the other reagents 
were of reagent grade quality, and used as received. Deuterated solvents were purchased from 
Cambridge Isotope Laboratories (CIL). Zn(CH3COO)2·2H2O, Ru(bpy)3Cl2∙6H2O, ascorbic acid, 5,10,15,20-
tetrakis-;ϰ’-pyridyl)porphyrin (TPyP), and Sephadex® LH-20 dextrane gel were purchased from Sigma 
Aldrich. Free-base 5,10,15,20-tetrakis-(4-sulfonatophenyl)porphyrin (H2TPPS) was purchased from 
Frontier Scientific. Co(CH3COO)2·4H2O was purchased from Carlo Erba. Co(dmgH)2Cl(EtPy) was 
synthesized according to a literature procedure.25 Meso-suďstituted ϰ’-pyridylporphyrins were obtained 
in Alder-Longo conditions following a slightly modified literature procedure.18 Insertion of Co(II) and 
Zn(II) was achieved following adapted literature procedures.19 See below for details and 
characterization.  
NMR. All spectra were recorded on a Varian 500 (500 MHz) or on a JEOL Eclipse 400FT (400 MHz) 
spectrometer. All spectra were run at room temperature. 1H chemical shifts were referenced to the 
peak of residual non-deuterated solvent (ɷ = 7.26 ppm for CHCl3, 2.50 ppm for DMSO) or to DSS (ɷ = 0 
ppm) for D2O.  
Mass Spectrometry. Electrospray Ionization (ESI) measurements were performed on a Perkin Elmer APII 
at 5600 eV by Dr. Fabio Hollan, Department of Chemical and Pharmaceutical Sciences, University of 
Trieste, Italy. 
Electrochemical Meaurements. Cyclic Voltammetry (CV) measurements were carried out with a PC-
interfaced Eco Chemie Autolab/Pgstat 30 Potentiostat. Argon-purged 10-4 M sample solutions in 
acetonitrile, containing 0.1 M LiClO4, or in 1 M phosphate buffer at pH 7 were used. A conventional 
three-electrode cell assembly was adopted: a saturated calomel electrode (SCE Amel) and a platinum 
electrode, both separated from the test solution by a frit, were used as reference and counter 
electrodes, respectively; a glassy carbon electrode was used as the working electrode. 
Steady-state Absorption/Emission Measurements. UV-Vis absorption spectra were recorded on a Jasco 
V-570 UV/Vis/NIR or on a V-550 UV/Vis spectrophotometer. Emission spectra were taken on a Horiba-
Jobin Yvon Fluoromax-2 spectrofluorimeter, equipped with a Hamamatsu R3896 tube. 
Nanosecond Laser Flash Photolysis. Nanosecond transient measurements were performed with a 
custom laser spectrometer comprised of a Continuum Surelite II Nd:YAG laser (FWHM 6-8 ns) with 
frequency doubled, (532 nm, 330 mJ) or tripled, (355 nm, 160 mJ) option, an Applied Photophysics 
xenon light source including a mod. 720 150 W lamp housing, a mod. 620 power controlled lamp supply 
and a mod. 03-102 arc lamp pulser. Laser excitation was provided at 90° with respect to the white light 
probe beam. Light transmitted by the sample was focused onto the entrance slit of a 300 mm focal 
length Acton SpectraPro 2300i triple grating, flat field, double exit monochromator equipped with a 
photomultiplier detector (Hamamatsu R3896) and a Princeton Instruments PIMAX II gated intensified 
CCD camera, using a RB Gen II intensifier, a ST133 controller and a PTG pulser. Signals from the 
photomultiplier (kinetic traces) were processed by means of a LeCroy 9360 (600 MHz, 5 Gs/s) digital 
oscilloscope. 
  3. Water-soluble charged metallo-porphyrins for artificial photosynthesis  105 
Photolysis Apparatus. The hydrogen evolution experiments were carried out upon continuous visible 
light irradiation with a 175 W xenon CERMAX arc-lamp (cut-off filter at 400 nm) of a reactor (a 10 mm 
pathlength pyrex glass cuvette with head space obtained from a round-bottom flask) containing the 
solution. The measuring cell is sealed during the photoreaction: the head to which cell is attached has 
indeed four ports, closed with Swagelok® connections, two of them are part of a closed loop involving 
GC gas inlet and sample vent in order to analyze head space content without an appreciable gas 
consumption, and the other two are for the degassing procedure (input and output). 
Gas Chromatography. The gas phase of the reaction vessel was analyzed on an Agilent Technologies 490 
microGC equipped with a 5 Å molecular sieve column (10 m), a thermal conductivity detector, and using 
Ar as carrier gas. 5 mL from the headspace of the reactor are sampled by the internal GC pump and 200 
nL are injected in the column maintained at 60°C for separation and detection of gases. The unused gas 
sample is then reintroduced in the reactor in order to minimize its consumption along the whole 
photolysis. The amount of hydrogen was quantified through the external calibration method. This 
procedure was performed, prior to analysis, through a galvanostatic (typically 1 mA) electrolysis of a 0.1 
M H2SO4 solution in an analogous cell (same volume) equipped with two Pt wires sealed in the glass at 
the bottom of the cell. A 100% faradaic efficiency was assumed leading to a linear correlation between 
the amount of H2 evolved at the cathode and the electrolysis time. 
Hydrogen Evolution Experiments. In a typical experiment, samples of 5 mL were prepared in 20 mL 
scintillation vials by mixing appropriate aliquots of 1 M phosphate buffer, of a 5 mM Ru(bpy)3Cl2∙6H2O 
solution in 1 M phosphate buffer, of a 0.1 mM porphyrin mother solution in 1 M phosphate buffer and 
further adding ascorbic acid (as solid). The solution was then put in the reactor, degassed by bubbling Ar 
for 30 min, and thermostated at 15 °C. The cell was then irradiated under continuous vigorous stirring of 
the solution. The gas phase of the reaction was analyzed through GC and the amount of hydrogen 
quantified. 
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Synthesis and Characterization 
 
meso-suďstituted ϰ’-pyridylporphyrins. Benzaldehyde ;ϱ.Ϭ ŵl, ϱϬ ŵŵolͿ aŶd freshly distilled ϰ’-
pyridylcarboxyaldehyde (5.8 ml, 50 mmol) were dissolved in propionic acid (250 ml) and heated at 80 °C. 
Once the mixture is homogeneous, freshly distilled pyrrole (7.0 ml, 100 mmol) was added dropwise and 
the system was refluxed for 1 hour. The black solution was allowed to cool at room temperature, then 
cold methanol (100 ml) was added and the flask was cooled at 20 °C for 24 hours. The purple 
precipitate, containing all the statistic products, was filtered, washed thoroughly with cold methanol 
and dried in vacuum. Yield: 3.0 g (16%). The mixture was analyzed by thin-layer chromatography (SiO2, 
CHCl3/EtOH 99:1) and the products were separated by flash chromatography (SiO2, CHCl3/EtOH 98:2). 
5,10,15,20-tetraphenylporphyrin (TPP, Rf = 0.89). 
1H-NMR (500 MHz, CDCl3, ɷ, ppŵͿ: ϴ.ϴϱ ;s, ϴH, HβͿ, 
8.22 (dd, J3 = 7.8 Hz, J4 =  1.5 Hz, 8H, oH), 7.77 (m, 12H, mH+pH), 2.77 (s, 2H, NH). 
mono-5-;ϰ’-pyridyl)-10,15,20-phenylporphyrin (MPyP, Rf = 0.70). 1H NMR (500 MHz, CDCl3, ɷ, ppŵͿ: ϵ.Ϭϰ 
(d, J3 = 4.3 Hz, J4 = 1.4 Hz, 2H, oHpy), 8.89 (d, J3 = ϰ.ϳ Hz, ϮH, Hβ1), ϴ.ϴϲ ;s, ϰH, Hβ3), 8.80 (d, J3 = 4.6 Hz, 
ϮH, Hβ2), 8.21 (dd, J3 = 7.7 Hz, J4 = 1.2 Hz, 6H, oH), 8.17 (dd, J3 = 4.3 Hz, J4 = 1.5 Hz, 2H, mHpy), 7.77 (m, 
9H, mH+pH), 2.80 (s, 2H, NH). 
trans-5,15-;ϰ’-pyridyl)-10,20-phenylporphyrin (transDPyP, Rf = 0.35). 1H-NMR (500 MHz, CDCl3, ɷ, ppŵͿ: 
9.05 (dd, J3 = 4.3 Hz, J4 = 1.4 Hz, 4H, oHpy), 8.91 (d,  J3 = ϰ.ϲ Hz, ϰH, Hβ1), 8.82 (d,  J3 = ϰ.ϲ Hz, ϰH, Hβ2), 
8.21 (d, J3 = 6.5 Hz, 4H, oH), 8.17 (dd, J3 = 4.3 Hz, J4 = 1.6 Hz, 4H, mHpy), 7.78 (m, 6H, m+pH), 2.83 (s, 2H, 
NH). 
cis-5,10-;ϰ’-pyridyl)-15,20-phenylporphyrin (cisDPyP, Rf = 0.23). 1H-NMR (500 MHz, CDCl3, ɷ, ppŵͿ: 9.05 
(dd, J3 = 4.3 Hz, J4 = 1.5 Hz, 4H, oHpyͿ, ϴ.ϴϲ ;ŵ, ϴH, HβͿ, ϴ.Ϯϭ ;d, J3 = 6.4 Hz, 4H, oH), 8.17 (dd,  J3 = 4.3 Hz, 
J4 = 1.6 Hz, 4H, mHpy), 7.78 (m, 6H, mH+pH), 2.83 (s, 2H: NH). 
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tris-5,10,15-;ϰ’-pyridyl)-20-phenylporphyrin (tPyP, Rf = 0.11). 1H-NMR (500 MHz, CDCl3, ɷ, ppŵͿ: 9.04 (d, 
J3 = 4.6 Hz, 6H, oHpyͿ, ϴ.ϴϳ ;ŵ, ϴH, HβͿ, ϴ.Ϯϭ ;d, J3 = 7.0 Hz, 2H, oH), 8.17 (d, J3 = 4.4 Hz, 6H, mHpy), 7.79 
(m, 3H, mH+pH), 2.80 (s, 2H, NH). 
5,10,15,20-tetrakis-;ϰ’-pyridyl)porphyrin (TPyP, Rf = 0). This product is not recovered and the 
commercial compound (Sigma-Aldrich) was employed. 
 
 
 
 
Zinc(II)-5,10,15,20-tetrakis-(4'-pyridyl)porphyrin Zn(II)TPyP. TPyP (49.5 mg, 0.080 mmol) is dissolved in 
chloroform (30 ml) and stirred for 16 hours with an excess of Zn(CH3COO)2·2H2O (43.9 mg, 0.20 mmol) 
dissolved in a minimum amount of methanol. The violet product is precipitated by adding methanol to 
the concentrated reaction mixture, filtered, washed thoroughly with methanol and dried under vacuum. 
Yield: 51.9 mg (95.1%). 1H-NMR (500 MHz, CDCl3 + 40 ʅL pyridine-d5, ɷ, ppm): 8.94 (d, J3 = 5.8 Hz, 8H, 
oHpy), 8.83 (s, 8H, βH), 8.07 (d, J3 = 5.8 Hz, 8H, mHpy). UV-Vis (DCM, ʄ, ŶŵͿ: ϰϮϳ ;Soret, ɸ = ϯϳϱ x 103 M-
1cm-1Ϳ, ϱϲϬ, ϱϵϵ ;Q ďaŶds, ɸmax = 35 x 103 M-1cm-1). 
Cobalt(II)-5,10,15,20-tetrakis-(4'-pyridyl)porphyrin Co(II)TPyP. TPyP (53.7 mg, 0.087 mmol) is dissolved 
in chloroform (30 ml) and stirred for 16 hours with an excess of Co(CH3COO)2·4H2O (54.0 mg, 0.22 
mmol) dissolved in a minimum amount of methanol. The reaction is quenched by addition of cold 
deionized water (30 ml). A purple product precipitates after cooling the mixture. The precipitated is 
filtered, washed thoroughly with methanol and dried under vacuum. Yield: 44.8 mg (76.3%). ESI-MS 
oHpy
mHpy
β
oHpy
mHpy
β
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(m/z): calcd. for C40H24N8Co ([M]
+) 675.1, found 675.2. UV-Vis (DCM, ʄ, ŶŵͿ: ϰϮϱ ;Soret, ɸ = ϵϬ x 103 M-
1cm-1Ϳ, ϱϰϰ ;Q ďaŶd, ɸ = ϲ x 103 M-1cm-1).  
5,10,15,20-tetrakis-(1-methylpyridinium-4'-yl)-21H,23H-porphyrin iodide [H2TMPyP][I]4. TPyP (49.5 mg, 
0.08 mmol) is treated in DMF (7 ml) with a large excess of methyl iodide (0.250 ml, 4 mmol) for 2 hours 
at refluxing temperature. After addition of diethyl ether, a violet solid precipitates. The product is 
filtered, washed with cold diethyl ether, recrystallized from a water/ethanol mixture and dried under 
vacuum. Yield: 46.3 mg (88.9%). 1H NMR (500 MHz, DMSO-d6, ɷ, ppm): 9.48 (d, J3 = 6.1 Hz, 8H, oHpy), 
ϵ.ϭϴ ;s, ϴH, HβͿ, ϴ.ϵϵ ;d, J3= 6.1 Hz, 8H, mHpy), 4.73 (s, 12H, CH3), -3.11 (s, 2H, NH). UV-Vis (H2O, ʄ, nm): 
423 ;Soret, ɸ = ϮϮϬ x 103 M-1cm-1), 519 – 551 – 585 – ϲϴϵ ;Q ďaŶds, ɸmax = 14 x 103 M-1cm-1). 
Zinc(II)-5,10,15,20-tetrakis-(1-methylpyridinium-4'-yl)porphyrin iodide [Zn(II)TMPyP][I]4. Zn(II)TPyP 
(27.3 mg, 0.040 mmol) is treated in DMF (5 ml) with a large excess of methyl iodide (0.125 ml, 2 mmol) 
for 2 hours at refluxing temperature. After addition of diethyl ether, a violet solid precipitates. The 
product is filtered, washed with cold diethyl ether, recrystallized from a water/ethanol mixture and 
dried under vacuum. Yield: 33.8 mg (84.7%). 1H-NMR (500 MHz, D2O, ɷ, ppm): 9.33 (d, J3 = 6.1, 8H, oHpy), 
9.16 (s, 8H, βH), 9.01 (d, J3 = 6.1, 8H, mHpy), 4.85 (s, 12H, CH3). 1H NMR (400 MHz, DMSO-d6, ɷ, ppm): 
9.43 (d, J3 = 4.3 Hz, 8H, oHpy), 9.09 (s, 8H, βH), 8.92 (d, J3 = 4.8 Hz, 8H, mHpy), 4.72 (s, 12H, CH3). UV-Vis 
(H2O, ʄ, nm): 437 (Soret, ɸ = ϭϴϭ x 103 M-1cm-1 ), 564 – 605 (Q bands, ɸmax = 11 x 103 M-1cm-1). 
Cobalt(II)-5,10,15,20-tetrakis-(1-methylpyridinium-4'-yl)porphyrin iodide [Co(II)TMPyP][I]4. Co(II)TPyP 
(30.4 mg, 0.045 mmol) is treated in DMF (5 ml) with a large excess of methyl iodide (0.140 ml, 2.25 
mmol) for 2 hours at refluxing temperature. After addition of diethyl ether, a purple solid precipitates 
and the unreacted CH3I is left in the diethyl ether phase. The product is filtered, washed with cold 
diethyl ether, recrystallized from a water/ethanol mixture and dried under vacuum. Yield: 27.6 mg 
(83.4%). ESI-MS (m/z): calcd. for C44H36N8Co
4+ ([M-4I]4+) 183.8, found 183.7. UV-Vis (H2O, ʄ, nm): 433 
(Soret, ɸ = ϲϬ x 103 M-1cm-1Ϳ, ϱϰϰ ;Q ďaŶd, ɸ = ϲ x 103 M-1cm-1).  
Cobalt(II)-5,10,15-tris-(1-methylpyridinium-4'-yl)porphyrin iodide  [Co(II)tMPyP][I]3. tPyP (102.1 mg, 
0.165 mmol) is dissolved in chloroform (50 ml) and stirred for 24 hours with an excess of 
Co(CH3COO)2·4H2O (205.8 mg, 0.83 mmol) dissolved in a minimum amount of methanol. The reaction is 
quenched by addition of cold deionized water (50 ml). A purple product precipitates after cooling the 
mixture. The precipitated, Co(II)tPyP, is filtered, washed thoroughly with methanol and dried under 
vacuum. Co(II)tPyP (70.1 mg, 0.104 mmol) is then treated in DMF (15 ml) with a large excess of methyl 
iodide (0.325 ml, 5.2 mmol) following the same procedure used for Co(II)TMPyP. Yield: 85.2 mg (46.8%). 
ESI-MS (m/z): calcd. for C44H34N7Co
3+ ([M-3I]3+) 239.7, found 239.6. UV-Vis (H2O, ʄ, nm): 433 ;Soret, ɸ = 
60 x 103 M-1cm-1), 542 ;Q ďaŶd, ɸ = ϲ x 103 M-1cm-1). 
Cobalt(II)-5,15-trans-(1-methylpyridinium-4'-yl)porphyrin iodide  [Co(II)DMPyP][I]2. DPyP (85.0 mg, 0.14 
mmol) is dissolved in chloroform (50 ml) and stirred for 24 hours with an excess of Co(CH3COO)2·4H2O 
(85.8 mg, 0.35 mmol) dissolved in a minimum amount of methanol. The reaction is quenched and the 
precipitate, Co(II)DPyP,  treated as previously described. Co(II)DPyP (77.1 mg, 0.114 mmol) is stirred in 
DMF (15 ml) with a large excess of methyl iodide (0.356 ml, 5.7 mmol) following the same procedure 
previously described. Yield: 64.5 mg (77.1%). ESI-MS (m/z): calcd. for C44H32N6Co
2+ ([M-2I]2+) 351.6, 
found 351.5. UV-Vis (H2O, ʄ, nm): 432 ;Soret, ɸ = ϲϬ x 103 M-1cm-1), 542 ;Q ďaŶd, ɸ = ϲ x 103 M-1cm-1). 
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Zinc(II)-5,10,15,20-tetrakis-(4-sulfonatophenyl)porphyrin [Zn(II)TPPS][Na]4. H2TPPS (125.2 mg, 0.101 
mmol) and Zn(CH3COO)2·4H2O (56.0 mg, 0.25 mmol) were dissolved in methanol (100 ml) and stirred 
overnight. The solvent is evaporated and the residue is dissolved in a H2O/EtOH mixture to precipitate 
unreacted acetate. The mother liquors are decanted, solvent removed and the product dried in vacuum. 
Yield: 112.6 mg (84.7%). 1H-NMR (500 MHz, D2O, ɷ, ppŵͿ ϵ.ϬϬ ;s, ϴH, HβͿ, ϴ.ϯϲ ;d, J3 = 8.0 Hz, 8H, oH), 
8.22 (d, J3 = 8.3 Hz, 8H, mH). Qualitative UV-Vis (H2O, ʄ, ŶŵͿ: 421 (Soret), 555, 594 (Q-bands). 
Cobalt(II)-5,10,15,20-tetrakis-(4-sulfonatophenyl)porphyrin [Co(II)TPPS][Na]4. H2TPPS (127.1 mg, 0.102 
mmol) and Co(CH3COO)2·4H2O (64.0 mg, 0.25 mmol) are dissolved in methanol (100 ml) and stirred 
overnight. The mixture is passed through a Sephadex® LH-20 column eluted with methanol to eliminate 
excess of salt. The product tends to stick on the medium, so it has been recovered in low yields. ESI-MS 
was inconclusive. Qualitative UV-Vis (H2O, ʄ, ŶŵͿ: ϰϭϯ ;SoretͿ, ϱϮϭ ;Q-band). 
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3.8 Appendix 
Electrochemical experiments 
 
3.A.1. CV of 0.1 mM [Zn(II)TMPyP][I]4 solution in CH3CN (0.1 M LiClO4, scan rate 100 mV/s, r.t.) 
 
3.A.2. DPV of a 0.1 mM 1 solution in acetonitrile (0.1 M LiClO4, ΔE = 20 mV, r.t.) compared with blank (left); CV of a 
0.1 mM 1 solution in 1 M phosphate buffer at pH = 7 (0.1 M LiClO4, scan rate 100 mV/s, r.t.), also compared with 
blank (right). 
 
3.A.3. CV of 0.1 mM 4 solution in acetonitrile (0.1 M LiClO4, ΔE = 20 mV, r.t.) compared  
with blank (left) and with analogous solution of 1 (right). 
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Laser flash photolysis 
 
Figure 3.A.4. Kinetic analysis at 450 nm (left) and kinetic analysis at 510 nm (right) from laser flash photolysis of a 
solution containing 0.1 mM Ru(bpy)3
2+ and 0.1 M ascorbic acid in 1 M phosphate buffer at pH = 7. Kinetic follow 
respectively the depletion of excited photosensitizer by reductive quenching (charge separation) and the 
consumption of reduced sensitizer by charge recombination. 
 
 
Figure 3.A.5. EŶlargeŵeŶt of traŶsieŶt speĐtra of Figure ϯ.ϭϮ : traŶsieŶt speĐtra at ϯϬ, ϲϬ, aŶd ϭϬϬ ʅs  
time delay revealing the peculiar absorption of reduced 1 at 470 nm. 
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Chapter 4 
 
Metallo-porphyrin/calixarene 
assemblies in water 
 
 
In this Chapter, the single crystal X-ray structural characterization of water-soluble host-guest 
assemblies of positively charged Zn(II)- and Co(II)-porphyrins and an anionic calix[4]arene is presented, 
alongside with a preliminary characterization in solution by means of absorption and emission 
spectroscopy. The photocatalytic activity of one Co(II)-porphyrin/calixarene and one Zn(II)-
porphyrin/calixarene assembly, in which the metallo-porphyrin has the role of either catalyst or 
photosensitizer, respectively, are tested in the photogeneration of H2 from water, also in comparison 
with the results reported in Chapter 3, for the analogous uncomplexed metallo-porphyrin components.  
 
The study reported in this Chapter was done in collaboration with the group of Prof. S. Geremia, University of 
Trieste, Italy, and Dr. Mirco Natali, University of Ferrara, Italy (see also Acknowledgements).  
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4.1 Introduction 
In recent years, charged metallo-porphyrins have demonstrated to possess interesting features to be 
employed in water soluble photocatalytic systems, either as chromophoric units or as catalysts (see also 
Introduction, Section 1.5 and 1.6, and Chapter 3). The main disadvantage emerging in the use of these 
systems is the rapid degradation of the porphyrin units, due to permanent photoreduction with time, 
that inevitably limits their photocatalytic performance. A possible strategy to improve the stability, and 
therefore the duration, of the metallo-porphyrin in solution is to trap the porphyrin inside a host-guest 
complex. Cyclodextrins,1–4 cucurbiturils,5–8 and other cavitands9,10 have demonstrated to be able to 
complex cationic meso-pyridiniumporphyrins, by recognition interactions with the porphyrin peripheral 
charged substituents, and formation of host-guest supramolecular adducts, highly stable in water 
(Figure 4.1, left). Calixarenes are also well known as versatile hosts for a variety of neutral and charged 
species, with a variety of effective intermolecular interactions expressed by the presence of the phenyl 
rings crown and the multitude of functionalities that can be introduced at the two rims of the 
macrocycle (Figure 4.1, right).11–13  
                      
aromatic
cavity
upper rim
lower rim
 
Figure 4.1. Schematic representation of the interaction between a generic cavitand and a porphyrin  
substituted with charged groups at the meso positions (left) and of a cone calix[4]arene (right). 
Briefly, calix[n]arenes are a class of versatile macrocycles deriving from the condensation of n (from 4 to 
16) variably substituted phenol rings with formaldehyde.14 Calix[4]arenes are the most common 
representatives and can exist in four different conformations: cone, partial cone, 1,3-alternate, and 1,2-
alternate. The cone conformation is particularly attracting since it represents a charming tridimensional 
scaffold consisting of an aromatic basket with two distinct areas of functionalization, namely the upper 
and the lower rim. For example, the octa-anionic 5,11,17,23-tetrasulfonato-25,26,27,28-
tetrakis(hydroxy-carbonylmethoxy) calix[4]arene (C4TsTc, Figure 4.2, left), selected for the studies 
described in this Chapter, presents sulphonated groups at the upper rim and carboxylic groups at the 
lower rim. Due to these functionalities, C4TsTc is able to include the peripheral cationic pyridinium 
meso-substituents of the porphyrin by a combination of electrostatic interactions (with the sulphonated 
groups, while the carboxylic moieties are usually deprotonated in the experimental conditions, and 
complexed to the sodium counterions), between the oppositely charged groups, and CH···arene 
interactions, between the pyridinium methyl group hydrogens and the aromatic rings of the calixarene 
walls. In a previous publication by Geremia and Purrello, it was demonstrated that in the solid state (by 
X-ray single crystal analysis) and in solution (by UV-Vis and emission spectroscopy) multiple units of 
C4TsTc are able to template the formation of a multi-porphyrin supramolecular discrete system, in 
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combination with the positively charged free-base meso-tetrakis(1-methyl-pyridinium-4-yl)-porphyrin 
(H2TMPyP
4+, Figure 4.2, right), in aqueous solutions.15,16 
 
Figure 4.2 . Building blocks employed in previous studies. 
The X-ray structure obtained for this system is reported in Figure 4.3: one porphyrin coordinates 
through the predicted host-guest interactions, i.e. CH···arene bonds and electrostatic interactions, to 
four calixarene units. This complex is further sandwiched between two other uncomplexed porphyrins, 
forming a [H2TMPyP
4+]3:[C4TsTc]4 supramolecular adduct. The two additional external porphyrins are 
found disposed parallel to each other, with an average distance of 3.7 Å, and staggered with respect to 
the central porphyrin, forming a 45° angle between the respective meso-groups, as a consequence of 
ďoth π-stacking interactions with the central porphyrin and electrostatic interaction between their 
pyridinium moieties and the sulphonated groups of the four calixarenes enveloping the central 
tetrapyrrolic unit. Moreover, at neutral pH all carboxylic moieties of the calixarene are deprotonated 
(acid dissociation constants in water for C4TsTc: pKa1 = 3.03, pKa2 = 3.27, pKa3 = 3.97, pKa4 = 4.57)
17 and 
coordinate one Na+ atom, thus stabilizing the cone conformation of the calixarene. 
 
Figure 4.3. X-ray structure of [H2TMPyP
4+]3:[C4TsTc]4: 1:4 central complex (left) and  
side-view of the complete supramolecular adduct, with the two calixarenes of the central  
unit perpendicular to the view omitted for clarity (right). From Ref. 15. 
Optical spectroscopy studies proved the formation of [H2TMPyP
4+]3:[C4TsTc]4 also in aqueous solution. 
Emission titration of C4TsTc with H2TMPyP
4+ showed that by progressively increasing the porphyrin 
concentration, not only [H2TMPyP
4+]1:[C4TsTc]4 and [H2TMPyP
4+]3:[C4TsTc]4  but also species with 5:4 and 
7:4 porphyrin:calixarene stoichiometries are present, as proved also by back-titration experiments, i.e. 
absorption and emission titrations of the porphyrin with the calixarene. The formation of these discrete 
adducts is indicated by distinct changes (break-points) in the intensity decay of the calixerene emission 
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or the porphyrin absorption. Such multi-porphyrin species were detected also by NMR analysis: while 
the simple 1H-NMR 1D spectra were of difficult interpretation, arising from the presence of a multitude 
of broad overlapping signals, 2D 1H-DOSY experiments showed the coexistence of, non-equilibrating, 
mixtures of species of different dimensions, and in particular formation of the H2TMPyP
4+:C4TsTc species 
with 1:4, 2:4, and 3:4 stoichiometries was revealed.18 In a parallel study, Purrello and coworkers 
monitored by emission spectroscopy the formation of discrete multi-porphyrin adducts in solution, 
containing porphyrin units of different types. The authors concluded that multiple C4TsTc units can 
template and stabilize the formation of non-covalent arrays of up to seven metallo-porphyrins bearing 
different metal centers (Figure 4.4).19  
 
Figure 4.4. Calixarene emission intensity variation upon addition of various types of porphyrins.  
The different break points are evidenced by dotted lines, and the corresponding species (the two calixarenes of 
the central complex perpendicular to the view omitted for clarity) are depicted on top. Green bowls represent the 
calixarene units, while black, yellow, red, and blue rectangles represent free-ďase, Au;IIͿ−, Cu;IIͿ−, aŶd 
Zn(II)TMPyP4+ porphyrins, respectively. From Ref. 19. 
From these premises, in the present study C4TsTc was combined separately with a series of Zn(II) and 
Co(II) metallo-porphyrins (MPs), in order to investigate the possibility, also for these metallo-porphyrins, 
of forming similar supramolecular discrete adducts. A systematic co-crystallization study from aqueous 
solutions, buffered at different pH values, was performed on separate mixtures of C4TsTc and each 
member of the series of MPs reported in Figure 4.5. In parallel, both UV-Vis and emission spectroscopy 
were used to investigate the formation and stoichiometry of discrete supramolecular C4TsTc/MPs 
adducts in solution. The final aim is that of evaluating the activity and possible improvement in the 
photostability of the MPs units, in the photocatalytic generation of H2 from water, when these units are 
included in a supramolecular system.  
 
Figure 4.5. Series of positively-charged porphyrins employed in this Chapter. 
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4.2 MPs/calixarene assemblies in the solid state 
In order to obtain single crystals for X-ray structure determination (XRD), the elected methodology was 
the vapor diffusion method with the hanging drop technique, a very popular protocol typically 
employed for crystallization of protein samples from aqueous solutions. This procedure exploits the 
different concentrations of precipitant agent in the drop and in the reservoir solution: typically, the 
concentration of the precipitant in the reservoir is higher than in the drop. Due to the concentration 
gradient, water from the drop will evaporate towards the reservoir, thus lowering its volume and 
increasing the sample concentration. Crystallizations were carried on at 20 °C in 24-well tissue Linbro 
plates, in order to contemporary screen different conditions varying the relative concentration of MPs 
and calixarene, the percentage of precipitant, the pH, and the concentration of the buffer. The first set 
of experiments were aimed at reproducing the results obtained for the H2TMPyP
4+/C4TsTc system (see 
above),15,16 that were then extended to the MPs/C4TsTc systems. 25 mM stock solutions of MP and 
calixarene were prepared, dissolving the compound in 0.1 − 1 M BIS-TRIS aqueous buffer at pH = 7 or in 
0.1 – 1 M NH4Cl aqueous buffer at pH = 9 . These solutions were then used to prepare the diluted 
batches needed to prepare the co-crystallization experiments, always maintaining a 5:4 ratio between 
the porphyrin and the calixarene, as determined from the reproducibility of the previous data. The drop 
was prepared with 1 ʅL of MP solution, 1 ʅL of calixarene solution, and 2 ʅL of reservoir, which 
contained 1 mL of buffered solution of polyethylene glycol (PEG300) in a varying concentration, from 30 
to 80% in volume (Chart 4.1).  
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Chart 4.1. Graphic description of the vapor diffusion method by the hanging drop technique. 
Good crystals were obtained from the Zn(II)TMPyP4+/C4TsTc mixtures at both pH values tested, and from 
the Co(II)TMPyP4+/C4TsTc at pH = 9, that were analyzed by means of synchrotron light radiation at the 
XRD1 station of ELETTRA (Trieste, Italy). The derived structures are currently under refinement, and the 
results and images here reported have to be considered at a preliminary level of detail and precision 
(see Experimental section for details on refinement and essential crystallographic data).  
The Zn(II)TMPyP4+/C4TsTc forms single crystals at pH = 7 and pH = 9 in the Fddd and I41/a spatial groups 
and have orthorhombic and tetragonal unit cells, respectively. The resulting structures are substantially 
identical and very similar to that described above for the free-base porphyrin analogue, albeit with a 
slightly different mutual disposition of the porphyrin/calixarene units. A 3:4 adduct, namely 
[Zn(II)TMPyP4+]3:[C4TsTc]4, is
 formed, presenting three MPs piled with parallel aromatic planes, with an 
average distance of 4.0 Å. Interestingly, the stacking is permitted by the labile nature of the axial ligand 
on the central Zn atom. In fact, in the central MP the zinc center does not bear any apical ligand, while 
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the two external MPs present a water molecule to complete the five-coordination sphere of the metal, 
thus permitting the packing of three MPs on top of each other (Figure 4.6).  
 
Figure 4.6. X-ray structure of [Zn(II)TMPyP4+]3:[C4TsTc]4 from the top, with the two additional stacked  
MPs not shown for clarity (left), and from the side, with the two calixarenes perpendicular to the 
 image plane not shown (right). 
 
Figure 4.7. X-ray structure of [Zn(II)TMPyP4+]3:[C4TsTc]4 obtained from the single crystals grown at pH = 7.  
Connection, via Na+ bridge,  of the central [Zn(II)TMPyP4+]1:[C4TsTc]4 complex with one calixarene of a coplanar 
neighboring complex (left) and top view of one the planes in the crystal packing, with the central 
[Zn(II)TMPyP4+]1:[C4TsTc]4 complex highlighted (right, Na
+ not shown). 
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It is also important to note that, conversely to what observed for [H2TMPyP
4+]3:[C4TsTc]4, the MPs are 
not perfectly aligned, but rather disposed in a slipped parallel disposition, so that the three Zn centers 
form a diagonal line, with an average ZnZn distance of 4.4 Å, and an inclination of ca. 25° from the 
ideal Zn···Zn vertical alignment. As a consequence, also the calixarenes are inclined, with respect to the 
MP plane, of ca. 15°, in order to avoid the steric hindrance caused by the protruding neighboring 
porphyrins, while preserving the constructive electrostatic interactions between the oppositely charged 
pyridinium and the sulphonated groups. In the crystal packing, successive planes of star-branched 
[Zn(II)TMPyP4+]3:[C4TsTc]4 complexes, with parallel [Zn(II)TMPyP
4+] units, are defined. In these planes, 
each calixarene of every star-branched [Zn(II)TMPyP4+]3:[C4TsTc]4 assembly is found pairwise connected 
with a C4TsTc unit, of a neighboring [Zn(II)TMPyP
4+]3:[C4TsTc]4 assembly. The connection is provided by  
one extra Na+ bridging atom, positioned in between the lower rims of the calixarene units pair (Figure 
4.7, left). As a consequence, the [Zn(II)TMPyP4+]3:[C4TsTc]4 complexes pertaining to the same layer 
define a  2D network with large voids (Figure 4.7, right), with the overall packing resulting in a complex 
reticulated zeolite-like structure, with large channels (width of ca. 27 x 27 Å), filled by disordered solvent 
molecules (Figure 4.A.1).  
The Co(II)TMPyP4+/C4TsTc mixtures form single crystals at pH = 9 in the C222 spatial group with an 
orthorombic unit cell. In this case, a supramolecular adduct presenting a 1:2 MPs/calixarene 
stoichiometry, formulated as [Co(II)TMPyP4+]1:[C4TsTc]2 is found (Figure 4.8). In this system one Co(II)-
porphyrin is complexed by two calixarenes via the two opposite methyl-pyridinium groups in meso 
trans-position. It is important to note that the Co(II) centers of the MPs, in this case, bear two non-labile 
axial ligands, most likely water molecules, that prevent the formation of the three-MPs sandwich 
stacking found in the structure of the other two Zn(II)TMPyP4+/C4TsTc systems. The 
[Co(II)TMPyP4+]1:[C4TsTc]2 complexes stack in aligned pillars with successive complexes displaying an 
alternate disposition of the calixarene units (Figure 4.8, right). The stacking seems not to be stabilized by 
MP-MP π-interactions (distance between the MPs planes of ca. 8.0 Å), but rather by electrostatic 
interactions between the anionic sulfonic groups of the calixarenes of one [Co(II)TMPyP4+]1:[C4TsTc]2 
complex, and the uncomplexed positively-charged pyridinium groups of the MPs of a nearby 
[Co(II)TMPyP4+]1:[C4TsTc]2 complex. The overall packing is built by parallel pillars defining free channels, 
occupied in part by disordered solvent molecules, and in part by extra uncomplexed Co(II)TMPyP4+ 
porphyrins (Figure 4.9). These extra MPs are disposed in parallel planes, staggered with those defined by 
the [Co(II)TMPyP4+]1:[C4TsTc]2 units. The driving force for this disposition may be ascribed to secondary 
electrostatic interactions between the extra MPs cationic arms and the calixarenes sulphonated groups 
of the vicinal pillars (Figure 4.A.2).  
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Figure 4.8. X-ray structure of [Co(II)TMPyP4+]1:[C4TsTc]2 (left), and pillar-like alternate packing of the 
[Co(II)TMPyP4+]1:[C4TsTc]2 complexes viewed along the a axis (right, Na
+ not shown). 
 
 
    
Figure 4.9. X-ray structure of [Co(II)TMPyP4+]1:[C4TsTc]2 viewed down the pillars along the direction defined by 
Co(II) centers, the columns of uncomplexed Co(II)TMPyP4+ units are depicted with the carbon skeleton in violet 
(left); enlargement of one [Co(II)TMPyP4+]1:[C4TsTc]2 pillar, surrounded by uncomplexed Co(II)TMPyP
4+ units, with 
Na+ cations highlighted in pink (right). 
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4.3 Characterization in solution 
The optical spectroscopic studies on the formation of host-guest supramolecular systems in solution are, 
in general, a quite challenging task, due to the high degree of complexity usually encountered for these 
systems. In the present cases, some important information was extrapolated by monitoring the 
variation in the visible absorption region of the MPs units and/or in the fluorescent emission regions of 
both the calixarene and the MPs, occurring during the formation of one or more supramolecular 
adducts. Additional insights concerning the nuclearity/size of the supramolecular species formed in 
solution may be derived, in the cases of diamagnetic Zn(II)-porphyrins, from advanced NMR analysis, 
and in particular DOSY experiments (see also Introduction above, Section 4.1). This type of investigation 
has not been performed yet for the present systems, but is planned in the near future, at least for some 
selected cases. Though, it is important to point out that the three analytical techniques employed for 
the characterization of MPs/calixarene adducts (X-Ray diffraction, optical and NMR spectroscopy) 
operate at very different ranges of concentration, a condition that can significantly influence the 
thermodynamics of formation of the supramolecular species, therefore different scenarios may arise 
depending on the adopted technique. 
As described in the Introduction, the formation of host-guest interactions between the porphyrin and 
the calixarene units, as well as the stacking of additional porphyrins, can be detected by optical 
spectroscopy. One possibility is to perform a titration of a C4TsTc buffered water solution, by adding 
increasing amounts of MP, and measure the decay of the caliǆaƌeŶe eŵissioŶ at ʄ = ϯϭϬ Ŷŵ. 
Alternatively, the variations in the visible absorption and/or emission spectra of a buffered water 
solution of MP, when titrated with progressive amounts of C4TsTc, can be registered. From the 
literature, for the case of the H2TMPyP
4+ and C4TsTc system, it is known that, by plotting the intensity 
variation of one of the aforementioned physical quantities versus the ratio of the components 
(H2TMPyP
4+ and C4TsTc), it is possible to identify successive break-points corresponding to the formation 
of supramolecular adducts of different H2TMPyP
4+/C4TsTc stoichiometries, i.e. 1:4, 3:4, 5:4, and 7:4.
1,18,19 
Similar experiments replacing the free-base component with either Zn(II)TMPyP4+ or Co(II)TMPyP4+ were 
performed, even though a straightforward interpretation of the data was less trivial, due to the fact 
that, in the present cases, the absorption and/or emission intensity variations were, in general, less 
pronounced.  
For Zn(II)TMPyP4+, the emission titration of the calixarene resulted to be the most significant experiment 
(Figure 4.10). The intensity of the C4TsTc fluorescence emission (Iem, ʄmax = ϯϭϬ Ŷŵ, with ʄexc = 240 nm) 
decreases by subsequent additions of small aliquots of a concentrated solution of Zn(II)TMPyP4+. The 
procedure was carried out in 0.1 M phosphate buffer at pH = 7; all the measured emission intensities 
were corrected by a factor to consider for the inner filter effect of the porphyrin component. The 
emission maximum is reported as a function of the ratio 4·[Zn(II)TMPyP4+]/[C4TsTc], so the break-point 
observed for the Iem at  4·[Zn(II)TMPyP
4+]/[C4TsTc] = 1 corresponds to the formation of the central 
[Zn(II)TMPyP4+]1:[C4TsTc]4 complex. The further four Iem discontinuities occur when the larger 
supramolecular adducts [Zn(II)TMPyP4+]3:[C4TsTc]4, [Zn(II)TMPyP
4+]5:[C4TsTc]4, [Zn(II)TMPyP
4+]6:[C4TsTc]4, 
and [Zn(II)TMPyP4+]7:[C4TsTc]4 are formed in solution (i.e. total number of MPs for a fixed number of 
four complexing calixarenes: 3, 5, 6, and 7, respectively). The almost complete plateau reached by the 
Iem around the break-point values 6 and 7 suggests that the formation of discrete supramolecular 
species with a higher nuclearity is unlikely to occur, in the conditions explored.  
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Figure 4.10. Emission titration of C4TsTc (ϱ.ϴ ʅM iŶ Ϭ.ϭ phosphate ďuffeƌ pH = ϳ, ʄmax = ϯϭϬ Ŷŵ, ʄexc = 240 nm), with 
0-10 ʅM Zn(II)TMPyP4+ (left); plot of the Iem maximum versus the overall ratio of the components (right). The 
different break-points are evidenced by dashed lines, and the corresponding assembled species (side view, with 
the two calixarenes of the central unit perpendicular to the view omitted for clarity) are positioned on top 
(calixarene units in blue, and MP units in green). 
 
Regarding the absorption and emission titration of Zn(II)TMPyP4+ with C4TsTc (Figure 4.11), the results 
are way less indicative due to the small extent of the spectral variations occurring either in the Soret 
band bleaching or in the metallo-porphyrin emission decay. Nevertheless, following the variation in 
absorption intensity of Zn(II)TMPyP4+ ;Soƌet ďaŶd, ʄmax = ϰϯϳ Ŷŵ, ɸ = ϭϴϭ ǆ ϭϬ3 M-1cm-1) after addition of 
subsequent aliquots of calixarene and plotting this variation versus the [C4TsTc]/4·[Zn(II)TMPyP
4+] ratio, 
it is  possible to appreciate break-points at 0.14, 0.30, and 0.53. These values correspond to situations in 
which four calixarenes complex a total of 7, 3, and 1 MPs, respectively.  
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Figure 4.11. Absorption titration of Zn(II)TMPyP4+ (10.0 ʅM iŶ Ϭ.ϭ phosphate ďuffeƌ pH = ϳͿ with Ϭ-ϲϬ ʅM C4TsTc 
(left); plot of the normalized difference in optical density between the initial Zn(II)TMPyP4+solution and the 
mixtures versus the overall ratio of the components (right). 
 
Similarly, the decay of the Zn(II)TMPyP4+ eŵissioŶ ;ʄmax = ϲϯϯ Ŷŵ, ʄexc = 564 nm), with respect to the 
[C4TsTc]/4·[Zn(II)TMPyP
4+] ratio, shows three break-points at about 0.2, 0.3, and 0.6, representing 
assemblies with four calixarenes and a total of 5, 3, and 1 MPs, respectively (Figure 4.12). The 
determination of the assemblies stoichiometry from these second set of experiments is clearly less 
reliable, especially given that the possible species containing 5, 6, or 7 MPs correspond to single unit 
increment in the [C4TsTc]/4·[Zn(II)TMPyP
4+] ratio, and therefore the detection of the corresponding 
break-points is more subtle. Notwithstanding, these titrations give qualitatively comparable results to 
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those derived from the calixarene emission experiment, and thus corroborate the formation of at least 
the [Zn(II)TMPyP4+]1:[C4TsTc]4 and the [Zn(II)TMPyP
4+]3:[C4TsTc]4 supramolecular adducts.  
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Figure 4.12. Fluorescence emission of Zn(II)TMPyP4+ ;ϭϬ.Ϭ ʅM iŶ Ϭ.ϭ phosphate ďuffeƌ pH = ϳ, ʄexc = 564 nm) with 
0-ϲϬ ʅM C4TsTc (left); plot of the normalized Iem decay versus the overall ratio of the components (right). 
 
Regarding the Co(II)TMPyP4+ porphyrin, only the emission titration of the calixarene unit produced 
reliable results (Figure 4.13). In fact, in the absorption titration only almost negligible variations in the 
Soret band intensity of the porphyrin occurred, while the emission of the Co(II) porphyrin is too weak to 
be exploited for the present study. Likewise to the previous system, the decrease of the Iem of the 
calixarene fluorescence, consequent to the progressive addition of porphyrin, is reported as a function 
of the 4·[Co(II)TMPyP4+]/[C4TsTc] ratio. The titration was performed in 0.1 M NH4Cl buffer at pH = 9 and 
all the points were corrected for the inner filter effect of the porphyrin. Two break-points are clearly 
visible, corresponding to the formation of the [Co(II)TMPyP4+]1:[C4TsTc]2 and [Co(II)TMPyP
4+]2:[C4TsTc]2 
supramolecular adducts. Species with higher stoichiometries were not revealed in solution, in good 
agreement with the crystallographic structural data, indicating that in this case the 
[Co(II)TMPyP4+]1:[C4TsTc]2 complex is not further stabilized by additional stacked MPs (see Section 4.2 
and Figure 4.8). 
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Figure 4.13. Emission titration of C4TsTĐ ;ϱ.ϴ ʅM iŶ Ϭ.ϭ NH4Cl buffer pH = 9, ʄmax = ϯϭϬ Ŷŵ, ʄexc = 240 nm), with  
0-ϭϬ ʅM Co;IIͿTMPǇP4+ (left); plot of the decay of the Iem maximum versus the overall ratio of the components 
(right). The different break points are evidenced by dashed lines, and the corresponding species (side view) are 
positioned on top (calixarene units in blue, and MP units in pink). 
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4.4 Hydrogen evolution experiments 
As described in the previous Chapter 3, Co(II)TMPyP4+ has proved to possess a remarkable activity as an 
hydrogen evolution catalyst in purely aqueous solution, employing Ru(bpy)3
2+ as photosensitizer and 
ascorbic acid as sacrificial donor at buffered pH = 7. This system achieved a TON = 725 with respect to 
the catalyst after 1 h of irradiation.20 On the other hand, Zn(II)TMPyP4+ has been employed in some 
parallel literature work as a photosensitizer,21  and in particular Weinstein and Coutsolelos22 reported on 
the hydrogen production from a water/acetonitrile solution at pH = 8, using Co(dmgH)2ClPy as catalyst 
and triethanolamine (TEOA) as sacrificial donor. For this system TON = 210 with respect to the 
photosensitizer were found after 20 h of irradiation. Very recently, the same authors employed 
Zn(II)TMPyP4 in the same conditions to test a library of axially-substituted cobaloximes as hydrogen 
evolution catalyst, obtaining a TON = 1131 with respect to the MP when the axial pyridyl of 
Co(dmgH)2ClPy is substituted with an N-methyl imidazole ligand.
23 In any case, the major drawback 
limiting the catalytic activity is the depletion of the metallo-porphyrin due to permanent photo-
reduction processes, and in particular the hydrogenation of the aromatic core, yielding unproductive 
chlorine molecules. As inferred in Section 4.1, the final aim of the present study was to investigate 
whether the complexation of the metallo-porphyrin by the calixarenes may be a viable way to improve 
the photostability and therefore the efficiency of the aforementioned systems. For this reason, 
hydrogen evolution experiments were performed in the same conditions reported previously for 
Co(II)TMPyP4+ and in the literature for Zn(II)TMPyP4+, in the presence of appropriate amounts of C4TsTc, 
and compared with the outcomes found for the same systems in the absence of the calixarene host. 
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Figure 4.14. Kinetics of photoinduced H2 evolution employing Zn(II)TMPyP
4+ as photosensitizer, Co(dmgH)2ClPy  as 
catalyst and TEOA as SD, in absence (black circles) and in presence (violet circles) of 4 equivalents of C4TsTc (left); 
kinetics of photoinduced H2 evolution employing Co(II)TMPyP
4+ as catalyst, Ru(bpy)3
2+ as photosensitizer and 
ascorbate as SD, in absence (black circles) and in presence (green circles) of 2 equivalents of C4TsTc. 
Zn(II)TMPyP4+ ;ϰϬ ʅMͿ was employed as photosensitizer in combination with Co(dmgH)2ClPy (0.5 mM) 
as catalyst and TEOA (5% v/v) as sacrificial donor, in water/acetonitrile 1:1 solution at pH = 8 (achieved 
by addition of concentrated HCl), as described by Weinstein and Coutsolelos.22 The solution was 
irradiated with visible light, analyzing the evolving gasses with a GC system (see Experimental Section for 
details). The experiment was then repeated in the same conditions in the presence of 0.16 mM C4TsTc, 
corresponding to the admitted presence of [Zn(II)TMPyP4+]1:[C4TsTc]4 in solution. From the comparison 
of the two kinetics (Figure 4.14, left), it can be seen that the photocatalytic activity of the system is 
negatively influenced by the presence of calixarene in terms of rate of hydrogen evolution (maximum 
TOF) whilst the stability of the photosensitizer seems to be slightly enhanced. In fact, while in absence of 
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C4TsTc the evolution of H2 ceases after ca. 20 h of irradiation, when the calixarene is present the 
production persists up to 26 hours, and presumably continues also for longer time-intervals, with a 
higher overall TON expected on a longer time term. This behavior is in line when a comparison of the 
absorption spectra of the HER mixtures before and after completeness of the irradiation, in absence 
(Figure 4.15, left) and in presence of calixarene (Figure 4.15, right), is done.  
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4.15. Comparison of the absorption spectra before and after irradiation of H2O/CH3CN = 1/1 solutions at pH = 8  
containing 5% v/v TEOA, 0.04 mM Zn(II)TMPyP4+, 0.5 mM Co(dmgH)2ClPy in absence (left) and in presence of 4 
equivalents of C4TsTc (right). AďsoƌptioŶ at ʄ = ϲϮϬ Ŷŵ is diagnostic for chlorines species (insert). 
The degradation of the Zn(II)-porphyrin, is manifested by the bleaching of the corresponding Soret band 
at ʄ = ϰϯϳ Ŷŵ, while the concomitant appearance of a new absorption at ca. 620 nm is diagnostic of the 
reduced chlorine form. In the absence of C4TsTc, the permanent photo-reduction of the MP to its 
chlorine derivative is clearly more dramatic. The formation of the chlorine species is also an indirect 
support to the occurring of a reductive quenching mechanism for the Zn(II)TMPyP4+/Co(dmgH)2ClPy 
catalytic system (i.e., the photoexcited photosensitizer Zn(II)TMPyP4+ is reductively quenched by the 
sacrificial TEOA, forming a reduced species able to transfer an electron to the Co(dmgH)2ClPy catalyst, 
thus activating the hydrogen evolution cycle). This evidence is in contradiction with what reported in the 
literature for Zn(II)-porphyrin/cobaloxime photosensitizer/catalyst mixtures.21,24 The diminished activity, 
at least in terms of TOF, observed with the addition of C4TsTc may be ascribed at least to three factors: i. 
partial decrease of the Zn(II)TMPyP4+ absorption corresponding to a lower light-harvesting efficiency 
(see also Figure 4.11); ii. quenching of the Zn(II)TMPyP4+ emission by C4TsTc competing with the 
bimolecular photoinduced electron transfer from the TEOA sacrificial electron donor (see also Figure 
4.12); iii. less effective interactions between the excited Zn(II)TMPyP4+ and the sacrificial donor  
consequent to the steric hindrance provided by the C4TsTc units, possibly lowering the electron transfer 
rate. Also, detrimental variations in the redox potential of the Zn(II)TMPyP4+ units cannot be excluded. 
SiŵilaƌlǇ, a ϭϬ ʅM aƋueous solutioŶ of Co;IIͿTMPǇP4+ was tested as catalyst in the same conditions 
described in Chapter 3 (1.0 mM Ru(bpy)3
2+ as photosensitizer, 0.1 M ascorbic acid sacrificial donor, in 
phosphate ďuffeƌ at pH = ϳ, iƌƌadiatioŶ at ʄ > ϰϬϬ Ŷŵ). The experiment was replicated with a slightly 
different instrumental setup, therefore the photocatalytic data are not perfectly comparable with those 
reported in the previous Chapter (see Experimental Section for details). Kinetic of hydrogen evolution 
over time is compared with that registered in the pƌeseŶĐe of ϮϬ ʅM C4TsTc, corresponding to the 
admitted presence of [Co(II)TMPyP4+]1:[C4TsTc]2 in solution. As it can be seen in Figure 4.14 (right), the 
photocatalytic activity is diminished both in terms of rate of hydrogen production (TOF) and of overall 
conversion (TON). Possible reasons for this behavior are: i. C4TsTc provides a shielding effect on the 
cationic moieties, altering the Co(II)-porphyrin redox potentials and presumably also the potentials at 
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which the hydrogen evolving catalysis occurs, and ii. the steric hindrance built around the Co(II)TMPyP4+ 
catalyst by the C4TsTc units may slow down the substrate reduction cycle, particularly in the case that 
hydrogen evolution proceeds through a homolytic pathway, i.e., involving simultaneous diffusion of two 
Co(II)-hydride species.  
4.5 Conclusions 
MPs/calixarene water-soluble supramolecular discrete adducts [Zn(II)TMPyP4+]3:[C4TsTc]4 and 
[Co(II)TMPyP4+]1:[C4TsTc]2 were prepared in the solid state by co-crystallization of the two components 
from buffered aqueous solutions using PEG300 as precipitant agent. With analogous procedures, 
crystallization attempts employing either the free-base or the MPs bearing 3 or 2 charged arms (see 
Figure 4.5) are currently ongoing. Single crystals suitable for X-Ray analysis were obtained at pH = 7 and 
9 for [Zn(II)TMPyP4+]3:[C4TsTc]4 and at pH = 9 for [Co(II)TMPyP
4+]1:[C4TsTc]2. [Zn(II)TMPyP
4+]3:[C4TsTc]4 
was found to have strong structure similarities with the already-known system [H2TMPyP
4+]3:[C4TsTc]4, 
that contains the free-base porphyrin analogue. Conversely, [Co(II)TMPyP4+]1:[C4TsTc]2 presents distinct 
and different structural features, and in particular only two calixarenes are found to complex one 
metallo-porphyrin, without any additional MPs units participating to the stabilization of the adduct. This 
is probably due to the presence of two water ligands, axially bound to the Co(II) center. As a 
consequence, also the crystal packing of the supramolecular assemblies is significantly different, in the 
two cases. In fact, while both [H2TMPyP
4+]3:[C4TsTc]4 and [Zn(II)TMPyP
4+]3:[C4TsTc]4 form a zeolite-like 
structure with wide channels filled with disordered solvent, [Co(II)TMPyP4+]1:[C4TsTc]2 forms infinite 
pillars partially connected by aligned columnar stacks of uncomplexed MPs. In solution, Zn(II)TMPyP4+ 
was found to form with C4TsTc different supramolecular species, with nuclearities increasing along with 
the increase of the MPs concentration; the higher nuclearity corresponds to the formation of a 
[Zn(II)TMPyP4+]7:[C4TsTc]4 species. On the other hand, for the aforementioned steric limitations, only the 
[Co(II)TMPyP4+]1:[C4TsTc]2 and [Co(II)TMPyP
4+]1:[C4TsTc]2 species were found to form in solution, in the 
experimental conditions explored, for Co(II)TMPyP4+ and C4TsTc. It would be interesting to obtain a 
significant amount of crystalline material to be dissolved and studied in solution, especially to compare 
absorption and emission spectra at different concentrations. In previous works, Zn(II)TMPyP4+ was 
employed as photosensitizer paired with a cobaloxime catalyst, while Co(II)TMPyP4+ was used as catalyst 
with Ru(bpy)3
2+ as photosensitizer. In order to preliminary evaluate the role of C4TsTc as a photo-
stabilizing agent for the metallo-porphyrin in the catalytic conditions, hydrogen production experiments 
were performed, maintaining the same experimental parameters used in the literature or previously 
reported, both in the absence and in the presence of appropriate amounts of calixarene. It was found 
that for both systems the effect of the calixarene is detrimental on the photocatalytic activity, most 
likely for a disadvantageous modification of the redox potentials of the MPs consequent to the 
complexation of the methyl-pyridinium moieties by the calixarene units and for less efficient contacts 
between the active partners, partly impeded by the steric hindrance of the calixarenes. Also, the optical 
and photophysical properties of the MPs chromophores are in part affected by the presence of C4TsTc 
(i.e. moderate quenching of the absorption and emission). Still, at least in the case of 
[Zn(II)TMPyP4+]1:[C4TsTc]4, it was found that the metallo-porphyrin photosensitizer is indeed more 
photostable in solution, undergoing degradation in a longer time-span. For this reason, it would be 
interesting to evaluate the photosensitizing activity of [Zn(II)TMPyP4+]3:[C4TsTc]4, since unexpected 
feature can rise from the synergy of the MPs, which are differently interacting with the calixarene. 
Moreover, the complexing ability of C4TsTc, albeit detrimental, could be interestingly exploited as a 
viable mean to solubilize other photo-active MPs. 
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4.6 Experimental Section 
Materials and Methods 
Materials. Milli-Q Ultrapure water and related buffers were used as solvent for all the experiments. All 
other solvents were of reagent grade quality and used as received. Deuterated solvents were purchased 
by Sigma-Aldrich (D2O) or CIL (DMSO-d6). 5,10,15,20-tetrakis-;ϰ’-pyridyl)porphyrin (TPyP) and all other 
reagents were purchased by Sigma-Aldrich and used as received. Co(dmgH)2ClEtPy was synthesized 
according to a literature procedure.25 Zn(II)TPyP4+ and Co(II)TPyP4+ were prepared as described in 
Chapter 3 (See Experimental Section 3.7).  H2tMPyP
3+, Zn(II)tMPyP3+, Co(II)tMPyP3+, H2DMPyP
2+, 
Zn(II)DMPyP2+, and Co(II)DMPyP2+ (characterization not provided here) were prepared following the 
same procedure described below for the four-charged analogues, starting from the respective 
pyridylpoprhyrins tPyP and trans-DPyP, prepared as described in Chapter 3. C4TsTc was provided by Dr. 
Carmela Bonaccorso, University of Catania (Italy). 
Steady-state Absorption/Emission Measurements. UV-Vis absorption spectra were recorded on a Jasco 
V-570 UV/Vis/NIR spectrophotometer. Emission spectra were taken on a Horiba-Jobin Yvon Fluoromax-2 
spectrofluorimeter, equipped with a Hamamatsu R3896 tube.  
NMR. 1H spectra were recorded on a Varian 500 (500 MHz) or on a JEOL Eclipse 400FT (400 MHz) 
spectrometer. All spectra were run at room temperature. 1H chemical shifts were referenced to the 
peak of residual non-deuterated solvent (2.50 ppm for DMSO-d6, ) or to DSS (ɷ = 0 ppm) for D2O.  
Mass Spectrometry. Electrospray Ionization (ESI) measurements were performed on a Perkin Elmer APII 
at 5600 eV by Dr. Fabio Hollan, Department of Chemical and Pharmaceutical Sciences, University of 
Trieste, Italy. 
XRD. Data collections were performed at the Macromolecular crystallography beamline of the Elettra 
Synchrotron, Trieste (Italy).26 Complete datasets were collected at 100 K (nitrogen stream supplied 
through an Oxford Cryostream 700) through the rotating crystal method. The diffraction data were 
indexed and integrated using MOSFLM27 and scaled with AIMLESS.28,29 The structure of the complex 
[Co(II)TMPyP4+]1:[C4TsTc]2 was solved by direct methods using SIR2011.
30 The structures of the 
complexes [Zn(II)TMPyP4+]3:[C4TsTc]4 at pH = 7 and pH = 9 were solved by Molecular Replacement, 
through the software REFMAC,31 by using as model the coordinates of the complex 
[H2TMPyP
4+]3:[C4TsTc]4 previously  determined.
18 Fourier analysis and refinement are performed by the 
full-matrix least-squares methods based on F2 implemented in SHELXL-2013.32 Essential crystal and 
refinement data are reported in Table 4.A.1. 
Photolysis Apparatus. The hydrogen evolution experiments were carried out upon continuous visible 
light irradiation with a 175 W xenon arc-lamp (CERMAX PE175BFA) of a reactor containing the solution 
(a 10 mm pathlength pyrex glass cuvette with head space obtained from a round-bottom flask). A cut-
off filter at 400 nm and a hot mirror (IR filtering) have been used to provide the useful wavelength range 
(400-800 nm). The reactor is placed at a distance of 20 cm from the irradiation source and the light 
beam is completely focused on the reactor, where a power of 700 mW cm-2 is measured with a Newport 
Power Meter (model 1918-C). The measuring cell is sealed during the photoreaction: the head to which 
cell is attached has indeed four ports, closed with Swagelok® connections, two of them are part of a 
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closed loop involving GC gas inlet and sample vent in order to analyze head space content without an 
appreciable gas consumption, and the other two are for the degassing procedure (input and output). 
Gas Chromatography. The gas phase of the reaction vessel was analyzed on an Agilent Technologies 490 
microGC equipped with a 5 Å molecular sieve column (10 m), a thermal conductivity detector, and using 
Ar as carrier gas. 5 mL from the headspace of the reactor are sampled by the internal GC pump and 200 
nL are injected in the column maintained at 60°C for separation and detection of gases. The unused gas 
sample is then reintroduced in the reactor in order to minimize its consumption along the whole 
photolysis. The amount of hydrogen was quantified through the external calibration method. This 
procedure was performed, prior to analysis, through a galvanostatic (typically 1 mA) electrolysis of a 0.1 
M H2SO4 solution in an analogous cell (same volume) equipped with two Pt wires sealed in the glass at 
the bottom of the cell. A 100% faradaic efficiency was assumed leading to a linear correlation between 
the amount of H2 evolved at the cathode and the electrolysis time. 
Hydrogen Evolution Experiments. In a typical experiment, samples of 5 mL were prepared in 20 mL 
scintillation vials by mixing appropriate aliquots of 1 M phosphate buffer, of a 5 mM Ru(bpy)3Cl2∙6H2O 
solution in 1 M phosphate buffer, of a 0.1 mM [Co(II)TMPyP][I]4 mother solution in 1 M phosphate 
buffer and further adding ascorbic acid (as solid). The solution was then put in the reactor, degassed by 
bubbling Ar for 30 min, and thermostated at 15 °C. The cell was then irradiated under continuous 
vigorous stirring of the solution. The gas phase of the reaction was analyzed through GC and the amount 
of hydrogen quantified. Analogous procedure was employed for the testing of the reaction mixture in 
H2O/CH3CN = 1/1, containing appropriate aliquots of 0.1 mM [Zn(II)TMPyP][I]4 mother solution, 1.0 mM 
Co(dmgH)2ClEtPy mother solution, TEOA, and HCl conc. (added dropwise until pH = 8 is achieved). 
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Synthesis and Charachterization 
oHpy
mHpy
β
oHpy
mHpy
β
 
5,10,15,20-tetrakis-(1-methylpyridinium-4'-yl)-21H,23H-porphyrin iodide [H2TMPyP][I]4. TPyP (49.5 mg, 
0.08 mmol) is treated in DMF (7 ml) with a large excess of methyl iodide (0.250 ml, 4 mmol) for 2 hours 
at refluxing temperature. After addition of diethyl ether, a violet solid precipitates. The product is 
filtered, washed with cold diethyl ether, recrystallized from a water/ethanol mixture and dried under 
vacuum. Yield: 46.3 mg (88.9%). 1H NMR (500 MHz, DMSO-d6, ɷ, ppm): 9.48 (d, J3 = 6.1 Hz, 8H, oHpy), 
ϵ.ϭϴ ;s, ϴH, HβͿ, ϴ.ϵϵ ;d, J3= 6.1 Hz, 8H, mHpy), 4.73 (s, 12H, CH3), −3.11 (s, 2H, NH). UV-Vis (H2O, ʄ, nm): 
ϰϮϯ ;Soƌet, ɸ = ϮϮϬ x 103 M-1cm-1), 519 – 551 – 585 – ϲϴϵ ;Q ďaŶds, ɸmax = 14 x 103 M-1cm-1). 
Zinc(II)-5,10,15,20-tetrakis-(1-methylpyridinium-4'-yl)porphyrin iodide  [Zn(II)TMPyP][I]4. Zn(II)TPyP 
(27.3 mg, 0.040 mmol) is treated in DMF (5 ml) with a large excess of methyl iodide (0.125 ml, 2 mmol) 
for 2 hours at refluxing temperature. After addition of diethyl ether, a violet solid precipitates. The 
product is filtered, washed with cold diethyl ether, recrystallized from a water/ethanol mixture and 
dried under vacuum. Yield: 33.8 mg (84.7%). 1H-NMR (500 MHz, D2O, ɷ, ppm): 9.33 (d, J = 6.1, 8H, oHpy), 
9.16 (s, 8H, βH), 9.01 (d, J = 6.1, 8H, mHpy), 4.85 (s, 12H, CH3). 1H NMR (400 MHz, DMSO-d6, ɷ, ppm): 9.43 
(d, J = 4.3 Hz, 8H, oHpy), 9.09 (s, 8H, βH), 8.92 (d, J = 4.8 Hz, 8H, mHpy), 4.72 (s, 12H, CH3). UV-Vis (H2O, ʄ, 
nm): 437 (Soret, ɸ = ϭϴϭ x 103 M-1cm-1 ), 564 – 605 (Q bands, ɸmax = 11 x 103 M-1cm-1). 
Cobalt(II)-5,10,15,20-tetrakis-(1-methylpyridinium-4'-yl)porphyrin iodide [Co(II)TMPyP][I]4. Co(II)TPyP 
(30.4 mg, 0.045 mmol) is treated in DMF (5 ml) with a large excess of methyl iodide (0.140 ml, 2.25 
mmol) for 2 hours at refluxing temperature. After addition of diethyl ether, a purple solid precipitates 
and the unreacted CH3I stays in the diethyl ether phase. The product is filtered, washed with cold diethyl 
ether, recrystallized from a water/ethanol mixture and dried under vacuum. Yield: 27.6 mg (83.4%). ESI-
MS (m/z): calcd. for C44H36N8Co
4+ ([M-4I]+) 183.8, found 183.7. UV-Vis (H2O, ʄ, nm): 436 (Soret, ɸ = ϲϬ x 
103 M-1cm-1), 544 (Q band, ɸ = ϲ x 103 M-1cm-1).  
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4.7 Appendix 
 
 
Figure 4.A.1. X-ray structure of [Zn(II)TMPyP4+]3:[C4TsTc]4 obtained from the single crystals grown at pH = 7 from 
the side with respect to Figure 4.7 (channels dimensions ca. 16 x 16 Å) (top).  
X-ray structure of [Zn(II)TMPyP4+]3:[C4TsTc]4 obtained from the single crystals grown at pH = 9: top view of the 
crystal packing (ca. 21 x 28 Å) (bottom, left); side view (ca. 16.5 x 16.5 Å) (bottom, right). 
 
Figure 4.A.2. X-ray structure of [Co(II)TMPyP4+]1:[C4TsTc]2 packing, showing uncomplexed porphyrins (Co6 and Co7) 
staggered with respect to the [Co(II)TMPyP4+]1:[C4TsTc]2 complex (Co1) and apparently weakly interacting with the 
sulphonated groups of a nearby calixarene (highlighted). 
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Table 4.A.1. Preliminary crystallographic details for the structures of complexes [Co(II)TMPyP4+]1:[C4TsTc]2,  
[Zn(II)TMPyP4+]3:[C4TsTc]4 at pH = 7, and [Zn(II)TMPyP
4+]3:[C4TsTc]4 pH = 9. 
 [Co(II)TMPyP4+]1:[C4TsTc]2 
pH = 9 
[Zn(II)TMPyP
4+
]3:[C4TsTc]4  
pH = 7 
[Zn(II)TMPyP
4+
]3:[C4TsTc]4  
pH = 9 
Crystal system Orthorhombic Orthorhombic Tetragonal 
Space Group C 222 F ddd I41/a 
T(K) 100(2) 100(2) 100(2) 
λ(Å) 1.0000 0.7000 1.0000 
a(Å) 40.46(5) 48.32(5) 50.98(5) 
b(Å) 47.49(7) 62.93(6) 50.98(5) 
c(Å) 32.03(5) 75.34(8) 48.08(5) 
V (Å3) 61543.9 229092 124958 
Resolution range (Å) 12.56-0.98 19.18-1.5 16.12-1.5 
Observed Reflections 94061 86104 38823 
Unique Reflections 15713 9245 9873 
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Chapter 5 
 
Co(II)-polypyridyl catalyst for 
hydrogen evolution 
 
 
 
 
 
The ability of a pentapyridine cobalt(II) complex to power photochemical hydrogen evolution from 
water was investigated in detail, employing Ru(bpy)3
2+ as photosensitizer and ascorbic acid as sacrificial 
electron donor. This system represents one of the few examples of how the same catalyst can be used 
to trigger water splitting both at the oxidative and reductive level.  
 
The study reported in this Chapter was done in collaboration with the group of Prof. F. Scandola, University of 
Ferrara, Italy (see also Acknowledgments). Most of the results illustrated in this Chapter were published in: 
Deponti, E.; Luisa, A.; Natali, M.; Iengo, E.; Scandola, F. Dalton Trans., 2014, 43, 16345-16353, DOI: 
10.1039/C4DT02269F. 
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5.1 Introduction 
As far as the hydrogen evolving reaction is concerned, during the last years particular attention has been 
given to cobalt complexes, as convenient noble-metal free catalysts. Among these, macrocyclic cobalt 
complexes, such as Co(II)-porphyrins and cobaloximes, have been investigated (as described in 
paragraph 1.3 of Chapter 1 and in Chapter 3). Although the activity of such compounds in sacrificial 
cycles was found to be quite remarkable, the stability was recognized as one of the major drawbacks for 
this class of compounds, resulting from the catalyst depletion by self-hydrogenation processes.  
More recently, polypyridine cobalt complexes have emerged as competent catalysts for hydrogen 
evolution, combining both stability under photocatalytic conditions and outstanding activity (see 
Introduction, Figure 1.4).1–8 Therefore, for comparison purposes with the Co(II)-porphyrin catalyst(s) 
reported in Chapter 3, a highly water-soluble chloride salt of a polypyridine monocationic cobalt(II) 
complex (CoClPy5+, Figure 5.1) was prepared, characterized and tested in the HER in combination with 
an appropriate PS and SD. CoClPy5+ bears the 2,6-(bis(bis-2-pyridyl)-methoxymethane)pyridine 
pentadentate ligand (Py5) and a chloride to complete the octahedral coordination of the metal. Both 
Py5 and its [Co(II)ClPy5][Cl] complex were synthesized and isolated in good yields, following slightly 
adapted literature procedures (Figure 5.1, see Experimental Section for additional details and 
characterization). 
 
Figure 5.1. Schematic elucidation of the employed synthetic pathway to obtain the Py5 ligand and the 
[CoClPy5][Cl] complex. 
The pentadenatate Py5 ligand, as a matter of fact, was originally synthesized as an enzyme-mimetic 
receptor, for bioorganic studies on lipoxygenases.9 The ability of Py5 to stabilize several first-row 
transition metals has been exhaustively reviewed by Stack and coworkers by means of electrochemical 
and optical techniques, as well as single crystal structural X-Ray analysis.10 The properties of the 
complexes are mostly influenced by the nature of the apical ligand, which can be varied with the 
appropriate choice of the divalent metal salt used in the synthesis. Regarding the state of the art on 
Co(II)-Py5 complexes employed in the field of photocatalysis, recently Berlinguette reported on the 
version bearing a water molecule as apical labile ligand behaving as electrocatalyst in the oxygen 
evolving reaction.11–13 In the work herein, instead, the chloride version was tested as catalyst for the 
photocatalytic generation of hydrogen, and thoroughly investigated with electrochemical and 
spectroscopical techniques to better understand the mechanism of the hydrogen evolving reaction.14 
 
5.2 Photocatalytic molecular hydrogen evolution 
Similarly to what already described in Chapter 3, the hydrogen evolution experiments on the current 
system were performed upon continuous visible-light irradiation (175 W Xenon arc discharge lamp, cut-
off at ʄ > 400 nm) of 1 M acetate buffer solutions at pH = 4 containing different concentrations of 
CoClPy5+, in  presence of 0.5 mM Ru(bpy)3
2+ as photosensitizer and 0.1 M ascorbic acid as sacrificial 
electron donor (see Experimental Section for additional details). Hydrogen production was observed to 
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increase linearly with the catalyst concentration (Figure 5.2). In particular, significant photocatalytic 
activity was detected for [CoClPy5+]  10 ʅM, with TONs, after 3 h of irradiation, between 100 and 187 
and TOFs in the 3.9  8.1 min-1 range (Table 5.1). The highest values of TON and TOF (187 and 8.1 min-1, 
respectively) were obtained at 50 ʅM concentration of CoClPy5+.  
 
Figure 5.2. Kinetics of photoinduced hydrogen evolution employing different concentrations of CoClPy5+ (left) and 
plot of the initial rate vs catalyst loading, calculated as the slope of the linear part of the kinetic (right). 
Table 5.1. Summary of photocatalytic hydrogen evolution data at different catalyst loading. 
[CoClPy5+] ;ʅMͿ TONa rateb ;ʅŵol min-1) TOFc (min-1) 
10 100 0.24 4.8 
25 111 0.49 3.9 
50 187 2.03 8.1 
75 181 2.13 5.7 
100 169 2.92 5.8 
acalculated as total n(H2)/n(CoClPy5
+); b,ccalculated from the slope of the linear part  
of the kinetics (after the eventual induction period). 
At 50 ʅM concentration of catalyst, the hydrogen evolving activity is also observed to be strongly 
dependent on pH (Figure 5.3 and Table 5.2), with the best values in terms of TON obtained at pH 4 and 5 
(187 and 205, respectively), but with a slightly higher TOF achieved at pH = 4 (8.1 min-1 and 7.4 min-1, at 
pH 4 and 5, respectively). This fact is likely the result of several factors contributing at the same time to 
the hydrogen generation process, such as: i. the stability of the sensitizer under continuous irradiation; 
ii. the thermodynamic driving force for the hydrogen evolving reaction, and iii. the protonation of the 
Co(I) catalyst, with the latter two both more favored at lower pH values. From the comparison of the 
absorption spectra of the catalytic reaction mixture before and after irradiation (Figure 5.4), it is 
possible to postulate that, for the present case, the complete inactivation of the system observed after 
two hours of continuous irradiation is a consequence of the depletion of the photosensitizer, probably 
caused by protonation of its Ru(bpy)3
+ reduced form. This detrimental side-process is fostered at low pH, 
and is likely to contribute to the decreased stability of the system observed with increasing acidity. 
However, a depletion of the catalyst with time cannot be excluded. For this reason, additional 
experiments were performed, consisting in the addition of either fresh ascorbic acid, or catalyst, or 
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photosensitizer, or both catalyst and photosensitizer on one of the HER mixtures after 1 h of irradiation, 
and subsequent monitoring of the recovery of the photocatalytic activity.   
 
 
Figure 5.3. Kinetics of photoinduced hydrogen evolution at different pH values (left)  
and plot of TON and TOF with respect to pH (right). 
 
Table 5.2. Summary of photocatalytic hydrogen evolution data at different pH values. 
pH TONa rateb ;ʅŵol min-1) TOFc (min-1) 
3 143 1.20 4.8 
4 187 2.03 8.1 
5 205 1.80 7.2 
6 98 0.70 2.8 
7 72 0.25 1.0 
acalculated as total n(H2)/n(CoClPy5
+); b,ccalculated from the slope of the linear part  
of the kinectis (after the eventual induction period). 
 
 
Figure 5.4. Comparison of the absorption spectra before and after 1 h photolysis of 1 M phosphate buffer solutions 
containing 0.5 mM Ru(bpy)3
2+, Ϭ.ϭ M asĐorďiĐ aĐid aŶd ϱϬ ʅM CoClPy5+, at different pH values. 
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In particular, the 1 M acetate buffer solution at pH = 4 containing 0.5 mM Ru(bpy)3
2+, 100 ʅM catalyst, 
and 0.1 M ascorbic acid after 1 h of irradiation was chosen as the reference exhausted HER mixture. As 
reported in Figure 5.5 (left), upon addition of either Ru(bpy)3
2+ (0.5 mM) or CoClPy5+ (100 ʅM) to this 
mixture, a very low hydrogen evolving activity is recovered (6% and 12% in terms of TON, respectively). 
On the other hand, a slightly larger recovery in the hydrogen production was observed when both 
catalyst and sensitizer were added to the mixture. Still, the hydrogen evolving ability of the photo-
catalytic system is restored only to a maximum extent of 23% of the original one. Several reasons may in 
principle account for this result. A likely explanation could be the consumption of sacrificial electron 
donor, but this can be definitely ruled out by experimental evidence, since addition of 0.1 M fresh 
ascorbic acid leaves the hydrogen evolution unchanged. Another source of inefficiency may be ascribed 
to the decomposition of the Ru(bpy)3
2+ sensitizer, likely forming side-products either by protonation of 
the bipyridyl radical anion or by dechelation of one bpy ligand and substitution by either ascorbate or 
acetate. These species will compete in the absorption of light with the fresh, undegraded sensitizer. It 
has also to be pointed out that, once the ascorbic acid is oxidized by photoinduced electron transfer to 
the Ru(bpy)3
2+, the derived radical species undergoes a disproportionation process with formation of 
ascorbic acid and dehydroascorbic acid. Importantly, it was observed that, when a high quantity of 
hydrogen is produced, for instance in the experimental conditions of Figure 5.5, a substantial amount of 
dehydroascorbic acid is generated as well.15,16 In fact, hydrogen and dehydroascorbic acid concentration 
are interrelated, since two electrons are withdrawn from one ascorbic acid molecule and used to 
produce one H2 molecule from two protons, yielding one dehydroascorbic acid as by-product. This 
compound accumulates in solution and may behave as a powerful scavenger of the reduced sensitizer, 
Ru(bpy)3
+, as explained above, inhibiting the profitable electron transfer from this species to the 
catalyst, and therefore lowering the hydrogen production.  
 
Figure ϱ.ϱ. KiŶetiĐ of hǇdrogeŶ eǀolutioŶ of a solutioŶ ĐoŶtaiŶiŶg ϭϬϬ ʅM CoClPy5+ during 1 h of irradiation (orange 
line) and with addition of different components after the 1 h lag-time (left); effect of added external 
dehydroascorbic acid (010 mM) on the hydrogen evolution kinetic of a 1 M acetate buffer (pH = 4) solution 
containing 100 ʅM CoClPy5+, 0.5 mM Ru(bpy)32+, and 0.1 M ascorbic acid (right). 
As a matter of fact, the original hydrogen evolving activity of the photocatalytic mixture based on 100 
M of catalyst, 0.5 mM Ru(bpy)32+, and 0.1 M ascorbic acid in 1 M acetate buffer (pH = 4) was found to 
be sensitively affected by the addition of external dehydroascorbic acid (Figure 5.5, right). At 10 mM 
dehydroascorbic acid concentration (which is roughly the amount of side-product formed for the 
exhausted HER mixture) the final TON achieved, after 3 h irradiation, is almost 20% of that originally 
observed, and this well correlates with the poor recovery in hydrogen evolving activity observed by 
addition of both Ru(bpy)3
2+ and CoClPy5+ to the exhausted HER mixture (Figure 5.5, left). Finally, 
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oxidation of the reduced Co(I)ClPy5 species by either or both the transiently formed oxidized ascorbate 
and/or the accumulated dehydroascorbic acid by-product are additional side-reactions, potentially 
interfering with a more efficient hydrogen production. To this respect, the choice of the right pH, 
influencing the protonation equilibria and rates of formation of the Co(I)ClPy5 species, is a fundamental 
requirement to achieve a higher photocatalytic efficiency. However, a marked decrease of pH is 
impeded, as explained, by the stability of the reduced sensitizer under increasingly acidic conditions. 
Comparison with similar photocatalytic systems reported in the literature, based on cobalt polypyridine 
catalysts (see also Section 1.3 of Chapter 1), shows that CoClPy5+ is more active than both the 
pentapyridine cobalt complexes reported by Long and Chang,2 which produced less than ϮϬ ʅŵol of H2 
at a ϱϬ ʅM ĐoŶĐeŶtratioŶ, aŶd the peŶtadeŶtate Đoŵpleǆes reported ďǇ WaŶg,6 which at the best 
conditions gaǀe oŶlǇ ϭϮ ʅŵol of H2 at a ϱϬ ʅM ĐoŶĐeŶtratioŶ, ďut less aĐtiǀe thaŶ the peŶtadeŶtate 
cobalt complex reported by Webster and Zhao,17 yielding a TON of 450 at a ϱϬ ʅM ĐoŶĐeŶtratioŶ. 
Conversely, an higher activity, with respect to CoClPy5+, was observed for some cobalt complexes 
studied by Castellano, Long, and Chang,8 for which TONs up to ca. 2000 were measured at a 20 ʅM 
concentration, which can be explained considering the different irradiation source used in their 
experiments (typically high-intensity monochromatic LEDs at 450 nm) that tend to increase the rate of 
the primary photochemical events. These findings may suggest that a straightforward comparison 
between different photocatalytic systems must be taken with caution, in order to establish a rank 
among a class of active catalysts. For similar reasons, a direct comparison with the Co(II)-porphyrin 
catalysts described in Chapter 3 is not feasible, mainly because of the quite different pH conditions, 
which highly interfere in the establishment of protonation equilibria, and the various cobalt-centered 
catalytic and/or scavenging processes. 
 
5.3 Electrochemical and laser flash photolysis experiments to elucidate the HER mechanism 
Cyclic voltammetry (CV) is an important tool to investigate the redox processes involving a catalytically 
active metal compound, and therefore tentatively elucidate the mechanism of the reaction responsible 
for hydrogen evolution. The analysis of CoClPy5+ (1 mM) in acetonitrile solution (0.1 M LiClO4) in both 
the anodic and cathodic regions shows the presence of two poorly reversible redox processes involving 
the cobalt center (Figure 5.6, left, black trace): upon anodic scan, a process with a potential E1/2 = +0.49 
V vs SCE can be observed and assigned to the Co(III)/Co(II) redox couple; upon cathodic scan, instead, a 
wave can be detected at a potential E1/2 = −ϭ.ϯϭ V ǀs SCE, which can be ascribed to the metal-centered 
Co(II)/Co(I) redox pair. To establish which is the active species that is more likely to be protonated, 
yielding to a metal-hydride from which H2 can develop, increasing aliquots of trifluoroacetic acid (TFA) 
were added. The acid triggers the appearance of the H+ reduction catalytic wave, that precedes the 
Co(II)/Co(I) process. This wave increases in intensity, with increased TFA concentrations. As explained in 
some theoretical studies on cobaloximes,18 this observed CV behavior implies that hydrogen production 
requires the reduction of Co(II) to Co(I) and protonation of the metal, with formation of a Co(III)-H 
intermediate, occurring as a single process, namely a concerted proton-coupled electron transfer 
(PCET). Protonation of Co(I) is likely to occur either after release the apical chloride anion or, as 
suggested by Wang,6 after detachment of one of the pyridyl groups of the ligand.  
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Figure 5.6. CV at 298 K of a CoClPy5+ acetonitrile solution (1 mM in 0.1 M LiClO4) (black trace)  
upon addition of  0-5 mM (left) and 6-16 mM TFA (right). 
Analysis of the onset of the catalytic wave as a function of TFA concentration allows shedding more light 
into the catalytic mechanism of hydrogen production by the complex. In particular, when the 
concentration of external acid is kept lower than 5 mM (Figure 5.6, left) the onset of the catalytic wave 
remains almost constant at ca. −ϭ.ϬϬ V ǀs SCE, meaning that under these conditions the Co(III)-H is likely 
to be further reduced to form a Co(II)-H species, before the actual release of H2. On the other hand, 
when the TFA concentration is increased up to 16 mM (Figure 5.6, right) the onset of the catalytic wave 
shifts progressively towards less negative potentials: under these conditions the proton concentration is 
likely high enough to cause direct protonation of the Co(III)-H and thus the hydrogen catalytic evolution 
takes place before the subsequent reduction that restores the Co(II) initial state. The overall set of 
processes is summarized in Figure 5.7. In the actual photoreaction conditions, the system follows the 
former pathway (indicated in blue in Figure 5.7). 
 
Figure 5.7. Possible catalytic mechanisms of hydrogen production by CoClPy5+:  
low TFA concentration (solid blue lines) and high TFA concentration (dashed black lines). 
Concerning the overall mechanism, two photochemical pathways are in principle available to the excited 
sensitizer for promoting the storage of photogenerated electrons by CoClPy5+, required to initiate the H2 
production: i. an oxidative quenching route, involving first oxidative quenching of the excited Ru(bpy)3
2+ 
triplet state by the catalyst, followed by hole shift to the ascorbic acid electron donor, or ii. a reductive 
quenching route, in which the excited sensitizer is primarily quenched by the donor and the so-formed 
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reduced PS subsequently transfers one electron to the catalyst (both routes need to occur twice in order 
to store the required number of electrons to yield one H2 molecule). In order to check for such 
possibilities, emission and laser flash photolysis experiments were performed and the resulting data 
analyzed as described in Chapter 3.  
Separate Stern-Volmer analysis of the Ru(bpy)3
2+ emission quenching by either CoClPy5+ or ascorbic acid 
were performed. It was found that in 1 M acetate buffer (pH = 4) the emission of the Ru(bpy) 3
2+ excited 
state is quenched by the ascorbic acid donor with a bimolecular rate constant kQ = 1.0 × 10
7 M-1s-1 
(Figure 5.8.a) and by the Co(II)-complex with a bimolecular rate constant kQ = 3.1 × 10
8 M-1s-1 (Figure 
5.8.b), consistent with previous findings derived for the Co(II)-porphyrin (Chapter 3, Section 3.4).  
 
Figure 5.8.a. EŵissioŶ speĐtra ;ʄexc = 450 nm) of a solution containing 50 ʅM Ru(bpy)32+ in 1 M acetate buffer at  
pH = 4 after addition of 0-0.3 M ascorbic acid (left); Stern-Volmer plot of the emission intensity decay (right).  
 
  
Figure 5.8.b. EŵissioŶ speĐtra ;ʄexc = 450 nm) of a solutioŶ ĐoŶtaiŶiŶg ϱϬ ʅM Ru;ďpǇͿ32+ in 1 M acetate buffer at  
pH = 4 after addition of 0-2.0 mM CoClPy5+ (left); Stern-Volmer plot of the emission intensity decay (right). 
 
However, despite the difference of one order of magnitude in the kQ values, under the employed 
photocatalytic conditions the concentration of the sacrificial electron donor (0.1 M) is much greater 
than that of the catalyst (10-100 ʅM), with the consequence that reductive quenching by the ascorbic 
acid donor (actual rate rQ = 1.0 × 10
6 s-1) dominates over the quenching by the Co(II)-complex (rQ = 3.1-
31 × 103 s-1). According to this, one of the most important parameters affecting the photocatalytic 
performance will be the rate of electron transfer from the reduced sensitizer to the catalyst. A fast 
electron scavenging by the catalyst is indeed required in order to minimize alternative decomposition 
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pathways involving the reduced species of the PS chromophore, which were seen to be one of the major 
reasons for the ceasing of the hydrogen evolving activity (Chart 5.1).  
 
 
 
Chart 5.1. Reductive quenching mechanism responsible for the activation of the Co(II)-complex  
via the reduced Ru(bpy)3
+ form of the excited PS, and possible deactivation pathways of this latter species 
indicated by the dashed arrows (L = solvent or ascorbate). 
 
The electron transfer process from the reduced sensitizer to the catalyst can be easily followed by laser 
flash photolysis experiments. Upon monochromatic laser excitation at 355 nm of a 1 M acetate buffer 
(pH = 4) solution containing 100 ʅM Ru(bpy)32+ and 0.1 M ascorbic acid, formation of the reduced 
Ru(bpy)3
+ species, occurring a few hundred of ns after the electron transfer process from the donor to 
the PS in its triplet excited state (3*), is observed from the build-up of the characteristic absorption at 
510 nm (Figure 5.9, left). This species, in the absence of any catalyst, undergoes slow bimolecular charge 
recombination (CR) with the oxidized ascorbate (Figure 5.9, right).  
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Figure 5.9. Laser flash photolysis (ʄexc = 355 nm) of 0.1 mM Ru(bpy)32+ and 0.1 M ascorbic acid in 1 M acetate buffer 
(pH = 4): transient absorption spectra at 0.01−0.50 ʅs time-delay (left, reductive quenching by ascorbic acid – 
charge separation); transient absorption spectra at 1.0100 ʅs time-delay (right, charge recombination). 
When the Co(II)-complex is introduced in solution, similar spectroscopic variations are observed, 
however the decay of the 510 nm absorption becomes more rapid due to electron transfer from 
Ru(bpy)3
+ to the catalyst, under pseudo-first order kinetic conditions (Figure 5.10), with the bimolecular 
rate constant for this electron transfer estimated as kET = 5.7 × 10
9 M-1s-1. This value is considerably high, 
close to the diffusion limit, and within the same order of magnitude of bimolecular rates found for the 
electron transfer process from the reduced Ru(bpy)3
+ species to other cobalt complexes, including the 
Co(II)-porphyrin described previously (Chapter 3, Section 3.4).  
 
Figure 5.10. KiŶetiĐ aŶalǇsis at ϱϭϬ Ŷŵ oďtaiŶed ďǇ laser flash photolǇsis ;ʄexc = 355 nm) on a solution containing 0-
ϱϬ ʅM CoClPy5+, 0.1 mM Ru(bpy)32+, and 0.1 M ascorbic acid in 1 M acetate buffer at pH = 4 (left); plot of the 
observed rate vs [CoClPy5+] for the calculation of the bimolecular rate constant (right). 
 
Laser flash photolysis experiments also provided additional experimental evidence of the detrimental 
effect of the dehydroascorbic acid by-product. In the absence of any catalyst added, the transient 
absorption at 510 nm pertaining to the reduced Ru(bpy)3
+ species is observed to decay more rapidly, 
when external dehydroascorbic acid is added. Under pseudo-first order kinetic conditions, estimation of 
the bimolecular rate constant for this process can be performed, yielding a kQ = 4.4 × 10
7 M-1s-1. This rate 
constant is considerably lower than that observed for the electron transfer from Ru(bpy)3
+ to CoClPy5+ 
(kET = 5.7 × 10
9 M-1s-1, i.e. about two orders of magnitude lower), but the process may become important 
during the progress of hydrogen production and concomitant accumulation of dehydroascorbic acid. 
Altogether, these results may suggest that the use of the standard Ru(bpy)3
2+/ascorbic acid pair is 
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probably not the best choice to evaluate univocally the hydrogen evolving activity of a molecular 
catalyst in homogeneous photocatalytic systems, in particular under conditions in which large amounts 
of H2 are produced.
19 Similar findings were also pointed out recently by Alberto for a system involving a 
cobalt catalyst, a rhenium(I) polypyridine sensitizer, and ascorbic acid.20 In that case the process, by 
which the photogenerated reduced rhenium species was intercepted by the dehydroascorbic acid, has 
demonstrated to proceed with a slightly slower rate (bimolecular rate constant k = 107 M-1s-1), most 
likelǇ as a result of the reduĐed rheŶiuŵ speĐies ;−ϭ.ϭϯ V ǀs SCEͿ21  being a less powerful reductant than 
the reduĐed rutheŶiuŵ speĐies ;−ϭ.Ϯϴ V ǀs SCEͿ.22  
 
5.4 Conclusions 
A Co(II) hydrogen evolving catalyst based on a pentapyridine ligand has been synthesized and 
characterized. The photocatalytic activity of this complex, in the presence of a Ru(bpy)3
2+ sensitizer and 
ascorbic acid as sacrificial electron donor, has been evaluated in purely buffered aqueous solutions 
showing TONs and TOFs strongly dependent both on the catalyst concentration and pH, with the best 
results obtained for a 50 ʅM concentration of CoClPy5+ and at pH = 4 (TON = 187 and TOF = 8.1 min-1). 
Hydrogen production is triggered by visible-light excitation of the Ru(bpy)3
2+ sensitizer, that reacts at the 
triplet excited state level with the ascorbic acid donor, yielding the photogenerated reducing species 
Ru(bpy)3
+. This species transfers one electron to the CoClPy5+ complex, with a remarkable rate 
(bimolecular rate constant kET = 5.7 × 10
9 M-1s-1), activating the metal center towards catalysis. In this 
way, CoClPy5+ is able to develop H2, after the formation of a Co(III)-H by PCET, followed by a 
reduction/protonation stepwise redox process. Hydrogen evolution is mainly limited by partial 
decomposition of both sensitizer and catalyst. Moreover, when high amounts of H2 are produced 
accumulation of the oxidation by-product of the ascorbic acid donor, namely dehydroascorbic acid, is 
observed to strongly affect the hydrogen production yield. This species is in fact capable of scavenging 
the reduced ruthenium species (bimolecular rate constant kET = 4.4 × 10
7 M-1s-1) thus preventing electron 
transfer to the catalyst. This evidence points out that a straightforward evaluation of the photocatalytic 
activity of a molecular catalyst within homogeneous systems involving ascorbic acid can be misleading 
without a complete knowledge of the overall phenomena occurring within the three-component 
donor/sensitizer/catalyst system.  
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5.6 Experimental Section 
Materials and Methods 
Acetonitrile for electrochemical experiments was of electrochemical grade. Milli-Q Ultrapure water and 
related buffer solutions were used for the spectroscopic and photolysis experiments. Ascorbic acid, 
dehydroascorbic acid, and [Ru(bpy)3][Cl2].6H2O were purchased from Sigma-Aldrich, and used as 
received. All the other chemicals were of reagent grade quality, and used as received. 2,6-(bis(bis-2-
pyridyl)-methoxymethane)pyridine (Py5) ligand was synthesized and purified according to literature 
procedure (see below for details and characterization).10  
NMR. 1H-NMR spectra were recorded on a Varian 500 (500 MHz) spectrometer at room temperature. 1H 
chemical shifts were referenced to the peak of residual non-deuterated solvent (δ = 7.26 ppm for CHCl3) 
and assigned by 2D HH-COSY experiments. 
Mass Spectrometry. Electrospray Ionization (ESI) measurements were performed on a Perkin Elmer APII 
spectrometer at 5600 eV by Dr. Fabio Hollan, Department of Chemical and Pharmaceutical Sciences, 
University of Trieste, Italy. 
Electrochemical Meaurements. Cyclic voltammetry (CV) measurements were carried out on a PC-
interfaced Eco Chemie Autolab/Pgstat 30 Potentiostat. Argon-purged sample solutions in acetonitrile, 
containing 0.1 M LiClO4, were used. A conventional three-electrode cell assembly was adopted: a 
saturated calomel electrode (SCE Amel) and a platinum electrode, both separated from test solution by 
a glass frit, were used as reference and counter electrodes, respectively; a glassy carbon electrode was 
used as the working electrode. 
Steady-state Absorption/Emission Measurements. UV-Vis absorption spectra were recorded on a Jasco 
V-570 UV/Vis/NIR spectrophotometer. Emission spectra were taken on a Horiba-Jobin Yvon Fluoromax-2 
spectrofluorimeter, equipped with a Hamamatsu R3896 tube. 
Nanosecond Laser Flash Photolysis. Nanosecond transient measurements were performed with a 
custom laser spectrometer comprised of a Continuum Surelite II Nd:YAG laser (FWHM 6 - 8ns) with 
frequency doubled, (532 nm, 330 mJ) or tripled, (355 nm, 160 mJ) option, an Applied Photophysics 
xenon light source including a mod. 720 150 W lamp housing, a mod. 620 power controlled lamp supply 
and a mod. 03 - 102 arc lamp pulser. Laser excitation was provided at 90° with respect to the white light 
probe beam. Light transmitted by the sample was focused onto the entrance slit of a 300 mm focal 
length Acton SpectraPro 2300i triple grating, flat field, double exit monochromator equipped with a 
photoŵultiplier deteĐtor ;Haŵaŵatsu RϯϴϵϲͿ aŶd a PriŶĐetoŶ IŶstruŵeŶts PIMAX II gated iŶteŶsiﬁed 
CCD Đaŵera, usiŶg a RB GeŶ II iŶteŶsiﬁer, a STϭϯϯ ĐoŶtroller aŶd a PTG pulser. SigŶals froŵ the 
photomultiplier (kinetic traces) were processed by means of a LeCroy 9360 (600 MHz, 5 Gs/s) digital 
oscilloscope. 
Photolysis Apparatus and Gas Chromatography for Hydrogen Evolution. The hydrogen evolution 
experiments were carried out upon continuous visible light irradiation with a 175 W xenon CERMAX arc-
lamp (cut-off filter at 400 nm) of a reactor (a 10 mm pathlength pyrex glass cuvette with head space 
obtained from a round-bottom flask) containing the solution. The measuring cell is sealed during the 
photoreaction: the head to which cell is attached has indeed four ports, closed with Swagelok® 
connections, two of them are part of a closed loop involving GC gas inlet and sample vent in order to 
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analyze head space content without an appreciable gas consumption, and the other two are for the 
degassing procedure (input and output). The gas phase of the reaction vessel was analyzed on an Agilent 
Technologies 490 microGC equipped with a 5 Å molecular sieve column (10 m), a thermal conductivity 
detector, and using Ar as carrier gas. 5 mL from the headspace of the reactor are sampled by the 
iŶterŶal GC puŵp aŶd ϮϬϬ ʅL are iŶjeĐted iŶ the ĐoluŵŶ ŵaiŶtaiŶed at ϲϬ°C for separatioŶ aŶd 
detection of gases. The unused gas sample is then reintroduced in the reactor in order to minimize its 
consumption along the whole photolysis. The amount of H2 was quantified through the external 
calibration method. This procedure was performed, prior to analysis, through a galvanostatic (typically 1 
mA) electrolysis of a 0.1 M H2SO4 solution in an analogous cell (same volume) equipped with two Pt 
wires sealed in the glass at the bottom of the cell. A 100% faradaic efficiency was assumed leading to a 
linear correlation between the amount of H2 evolved at the cathode and the electrolysis time. In a 
typical experiment, samples of 5 mL were prepared in 20 mL scintillation vials starting from a Ru(bpy)3
2+ 
mother solution (5 mM), and further adding ascorbic acid (as solid) and CoClPy5+ (0.4 mM mother 
solution). The solution was then put in the reactor, degassed by bubbling Ar for 20 min, and 
thermostated at 15 °C. The cell was then irradiated and the solution continually stirred during the 
photolysis. The gas phase of the reaction was analyzed through GC and the amount of hydrogen 
quantified. 
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Synthesis and Characterization 
 
2,6-(bis(bis-2-pyridyl)-methoxymethane)pyridine Py5. 2-bromopyridine (5 ml, 0.05 mol) was dissolved 
under Ar in anhydrous THF (200 ml). The solution was Đooled at −ϳϴ °C ǁith aŶ aĐetoŶe/ŶitrogeŶ ďath 
and BuLi (20 ml, 2.5 M in n-hexane) was carefully added. 2,6-pyridinedicarbonilchloride (2.5 g, 0.0125 
mol) was dissolved in THF (20 ml) and the solution was added dropwise to the cooled reaction mixture, 
keepiŶg the teŵperature ďeloǁ −ϳϬ °C. The reaction was then quenched by addition of methanol (20 
ml) and allowed to warm at room temperature. The mixture was extracted with HCl 5% v/v (40 ml). The 
aqueous phase was washed with DCM to eliminate unreacted reagents and NaOH was added until basic 
pH was obtained. The pentapyridylcarbinol intermediate was extracted in DCM, precipitated by 
concentration, filtered, washed with diethyl ether and purified by column chromatography (SiO2, 
DCM/MeOH = 9/1) The white product (2.7 g, 0.006 mol) was dissolved in DMF (25 ml) adding CH3I (0.75 
ml, 0.012 mol) and, very slowly, NaH (0.29 g, 0.012 mol). The mixture was stirred for 2 h at room 
temperature and then extracted with HCl 10% v/v (15 ml). The aqueous phase was washed with DCM 
and NaOH was then added until basic pH was reached. The product was extracted with DCM. 
Evaporation of the solvent led to the obtainment of an orange oil, which was dissolved in DCM. Addition 
of n-hexane induced precipitation of a light yellow powder, which was filtered, washed thoroughly with 
cold diethyl ether and dried under vacuum. Yield 1.9 g (32.2%). 1H-NMR (500 MHz, CDCl3, δ, ppŵͿ: 8.52 
(ddd, J3 = 4.8 Hz, J4 = 1.8 Hz, J5 = 0.9 Hz, 4H, H6), 7.69 (d, J3 = 8.2 Hz, 1H, Hϰ’), 7.55 (d, J3 = 7.8 Hz, 2H, Hϯ’), 
7.49 (m, 4H, H4), 7.37 (d, J3 = 8.0 Hz, 4H, H3), 7.13 (ddd, J3 = 6.9 Hz, Jϯ’ = 5.4 Hz, J4 = 1.0 Hz, 4H, H5), 3.16 
(s, 6H, OCH3). 
[CoClPy5][Cl]. Py5 (50.0 mg, 0.10 mmol) and CoCl2·6H2O (23.8 mg, 0.10 mmol) were dissolved in 
methanol (15 mL) and refluxed under Ar atmosphere. The reaction was followed by thin layer 
chromatography (SiO2,DCM/MeOH = 95/5, Rf = 0.52 and 0.02 for Py5 and CoClPy5
+, respectively), until 
complete consumption of the ligand. The pink solution was concentrated in vacuum and a pink 
microcrystalline solid was precipitated by addition of diethyl ether. The solid was filtered, washed 
thoroughly with cold diethyl ether and dried under vacuum. Yield: 54.0 mg (89.2%). ESI-MS: m/z 
calculated for C29H25N5O2ClCo ( [CoClPy5]
+) 569.1, found 569.1.  
  
6
4
5
3ϯ’ϰ’
  5. Co(II)-polypyridyl catalyst for hydrogen evolution  147 
5.6 References 
(1)  Leung, C. F.; Ng, S. M.; Ko, C. C.; Man, W. L.; Wu, J.; Chen, L.; Lau, T. C. Energy Environ. Sci. 2012, 5 (7), 7903–
7907. 
(2)  Sun, Y.; Sun, J.; Long, J. R.; Yang, P.; Chang, C. J. Chem. Sci. 2013, 4 (1), 118–124. 
(3)  Bachmann, C.; Guttentag, M.; Spingler, B.; Alberto, R. Inorg. Chem. 2013, 52 (10), 6055–6061. 
(4)  Singh, W. M.; Mirmohades, M.; Jane, R. T.; White, T. A.; Hammarström, L.; Thapper, A.; Lomoth, R.; Ott, S. 
Chem. Commun.  2013, 49 (77), 8638–8640. 
(5)  Tong, L.; Zong, R.; Thummel, R. P. J. Am. Chem. Soc. 2014, 136 (13), 4881–4884. 
(6)  Xie, J.; Zhou, Q.; Li, C.; Wang, W.; Hou, Y.; Zhang, B.; Wang, X. Chem. Commun.  2014, 50 (49), 6520–6522. 
(7)  Call, A.; Codolà, Z.; Acuña-Parés, F.; Lloret-Fillol, J. Chem. Eur. J. 2014, 20 (20), 6171–6183. 
(8)  Khnayzer, R. S.; Thoi, V. S.; Nippe, M.; King, A. E.; Jurss, J. W.; El Roz, K. A.; Long, J. R.; Chang, C. J.; Castellano, 
F. N. Energy Environ. Sci. 2014, 7 (4), 1477–1488. 
(9)  Jonas, R. T.; Stack, T. D. P.; V, S. U.; May, R. V. J. Am. Chem. Soc. 1997, 119 (36), 8566–8567. 
(10)  Gebbink, R. J. M. K.; Jonas, R. T.; Goldsmith, C. R.; Stack, T. D. P.; V, S. U. Inorg. Chem. 2002, 41 (18), 4633–
4641. 
(11)  Wasylenko, D. J.; Ganesamoorthy, C.; Borau-Garcia, J.; Berlinguette, C. P. Chem. Commun.  2011, 47 (14), 
4249–4251. 
(12)  Berlinguette, C. P. Chem. Sci. 2013, 4, 734–738. 
(13)  Zee, D. Z.; Chantarojsiri, T.; Long, J. R.; Chang, C. J. Acc. Chem. Res. 2015, 48 (7), 2027–2036. 
(14)  Deponti, E.; Luisa, A.; Natali, M.; Iengo, E.; Scandola, F. Dalton Trans. 2014, 43, 16345–16353. 
(15)  Bielski, B. H. J.; Comstock, D. A.; Bowen, R. A. J. Am. Chem. Soc. 1971, 93 (22), 5624–5629. 
(16)  Brown, G. M.; Brunschwig, B. S.; Creutz, C.; Endicott, J. F.; Sutin, N. J. Am. Chem. Soc. 1979, 101, 1298–1300. 
(17)  Vennampalli, M.; Liang, G.; Katta, L.; Webster, C. E.; Zhao, X. Inorg. Chem. 2014, 53 (19), 10094–10100. 
(18)  Muckerman, J. T.; Fujita, E. Chem. Commun. 2011, 47 (46), 12456–12458. 
(19)  Bachmann, C.; Probst, B.; Guttentag, M.; Alberto, R. Chem. Commun.  2014, 50 (51), 6737–6739. 
(20)  Probst, B.; Guttentag, M.; Rodenberg, A.; Hamm, P.; Alberto, R. Inorg. Chem. 2011, 50 (8), 3404–3412. 
(21)  Casanova, M.; Zangrando, E.; Iengo, E.; Alessio, E.; Indelli, M. T.; Scandola, F.; Orlandi, M. Inorg. Chem. 2008, 
47 (22), 10407–10418. 
(22)  Ceroni, P.; Bergamini, G.; Balzani, V. Angew. Chem.  2009, 48 (45), 8516–8518. 
 
 viii 
Acknowledgements 
The studies carried out along this PhD project, and presented in this PhD thesis, would not have been 
possible without the financial support of the  MIUR FIRB Project RBAP11C58Y “Nanosolar” and the 
fruitful collaboration with other research groups. COST Action CM1202: Perspect-H2O is acknowledged 
for funding participation at the joint meeting of working groups 3 and 4 in Lund, Sweden. 
The work outlined in Chapter 2 is the result of joint efforts with the group of Prof. Paola Ceroni 
(University of Bologna, Italy) and, in particular: Dr. Massimo Baroncini is acknowledged for the synthesis 
of the pyridylpyridinium scaffolds, Dr. Giacomo Bergamini and Dott. Marianna Marchini are kindly 
acknowledged for the electrochemical and photophysical characterization of the systems.  
Dr. Nicola Demitri (Elettra Synchrotron Trieste, Italy) and the staff of the XRD1 beamline are also 
appraised for the crystal data collection, reduction and final determination of the X-Ray structures. 
The photophysical and photocatalytic results illustrated in Chapters 3, 4, and 5 were obtained thanks to 
the longstanding collaboration with the group of Prof. Franco Scandola (University of Ferrara, Italy) – 
who very kindly hosted me in his laboratories for a few weeks. In particular: Dott. Elisa Deponti and, 
especially, Dr. Mirco Natali is wholeheartedly  acknowledged for the electrochemical, catalytical and 
photolyisis experiments reported in those chapters, and for the help with the interpretation of the 
results. 
The group of Prof. Silvano Geremia (University of Trieste, Italy), and in particular Dott. Ewelina Sepiol 
and Dr. Giovanna Brancatelli, is appraised for the collaboration in the preparation and characterization 
of the single crystals of the assemblies described in Chapter 4. In this respect, Prof. Ennio Zangrando 
(University of Trieste, Italy) is kindly acknowledged for the help with the last-minute graphical rendering 
of the X-ray structures reported therein. Dr. Mirco Natali (University of Ferrara, Italy), gave a 
fundamental contribution in the solution characterization and H2 generation experiments reported in 
the same Chapter. 
−   −   − 
 
Personally, I owe a great deal of gratitude to my supervisor, Prof. Elisabetta Iengo, for teaching me so 
much during the past three years, alongside Prof. Enzo Alessio and Prof. Barbara Milani and all the 
people of the Alessio-Milani-Iengo group – you surely made working in the lab less demanding. 
Writing this thesis would have been really more stressful without the presence of my friends @ C11 and 
I would like to especially thank Anna and Oscar − for much more than the ritual morning coffee! 
Finally, a very very special thanks to Francesco, my parents, my siblings, and my hometown friends for 
coping with me, being always caring and supportive despite my bad mood, and my grandma for the 
steady supply of sweets and fresh laundry. Love you all! 
Trieste, March 2016  
   
 Alessandra 
